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Masonry wall as a building block of masonry structures has attracted tremendous attention 
from several research directions. It has been studied extensively for architectural features, 
structural aspects and properties of materials utilized for construction. Taking the structural 
point of view, masonry structures have been studied extensively for better understanding 
of its behavior. One of the greatest motivations for this direction of research is that 
historical structures represent valuable treasures for the countries culturally and 
economically. Attempts are being exerted for preserving, maintaining and strengthening 
historical structures so that they can still be in good conditions for longer periods of time. 
In this study, masonry walls made from sandstone and lime mortar that represent a form 
of heritage structures in Riyadh have been studied experimentally and numerically using 
elastoplastic-damage model as originally developed by Lubliner et al (1989) and further 
extended by Lee and Fenves (1998). 
In the experimental part, three walls were tested under a combination of axial and lateral 
loading. Two of the walls were unreinforced masonry walls (URM) and the third wall was 
reinforced using CFRP. 
xx 
 
In the numerical simulation, Finite Element Software ABAQUS was used in the study . 
The masonry wall was modeled pursuing two different approaches. In the first approach, 
the masonry blocks and lime mortar layers were modeled as a continuum material using 
solid elements. In the second approach the masonry block was modeled as a continuum 
material whereas the lime mortar was modeled as an interface layer. Tests was also 
conducted on the wall ingredient materials to extract the mechanical properties needed to 
be included in the numerical simulation. 
Numerical simulation using ABAQUS was carried out for walls tested by other researchers 
as well. 
An interesting general behavior of walls was concluded in which almost all walls having 
an aspect ratio close to one behave in a similar manner and have almost identical 
interaction relationship between lateral strength and the axial force applied to the wall. 
  
 ixx
 
 ﻣﻠﺧﺹ ﺍﻟﺭﺳﺎﻟﺔ
  
  
  ﺑﺷﻳﺭ ﺣﺳﻥ ﻋﻠﻲ ﺍﻟﺟﻭﺣﻲ :ﺍﻻﺳﻡ ﺍﻟﻛﺎﻣﻝ
  
  ﺑﻧﺎﺋﻳﺔ ﻣﻘﻭﺍﻩ ﻭﻣﻌﺭﺿﺔ ﻷﺣﻣﺎﻝ ﺩﻭﺭﻳﺔ. ﻟﺟﺩﺭﺍﻥﻌﻣﻠﻳﺔ ﻭﻋﺩﺩﻳﺔ ﻣﺩﺭﺍﺳﺔ  ﻋﻧﻭﺍﻥ ﺍﻟﺭﺳﺎﻟﺔ:
  
  ﻫﻧﺩﺳﺔ ﻣﺩﻧﻳﺔ ﺍﻟﺗﺧﺻﺹ:
  
  3102ﻣﺎﻳﻭ  :ﺗﺎﺭﻳﺦ ﺍﻟﺩﺭﺟﺔ ﺍﻟﻌﻠﻣﻳﺔ
  
  
ﻨﺎﺋﻴﺔ ﻣﻦ ﻋﺪﺓ ﻛﺜﻴﺮ ﺍﻟﺒﺎﺣﺜﻴﻦ. ﺗﻢ ﺩﺭﺍﺳﺔ ﺍﻟﺠﺪﺭﺍﻥ ﺍﻟﺒ ﻫﺘﻤﺎﻡﺍﻟﻜﺜﻴﺮ ﻣﻦ ﺍﻛﻮﺣﺪﺓ ﺑﻨﺎء ﺍﻧﺸﺎﺋﻴﺔ ﻟﻠﻤﺒﺎﻧﻲ ﺟﺬﺑﺖ  ﺍﻟﺒﻨﺎﺋﻴﺔﺍﻟﺠﺪﺭﺍﻥ 
 ﻹﻧﺸﺎﺋﻴﺔﺍﺍﻟﻨﺎﺣﻴﺔ  ﺑﺄﺧﺬﺍﻟﻤﻜﻮﻧﺔ ﻟﻠﻤﻮﺍﺩ ﺍﻟﺒﻨﺎﺋﻴﺔ.  ﻭﻧﻮﺍﺣﻲ ﺍﻟﻤﺎﺩﺓ ﺍﻻﻧﺸﺎﺋﻴﺔ،ﻨﻮﺍﺣﻲ ﺍﻟ ﺍﻟﻤﻌﻤﺎﺭﻳﺔ،ﺍﻟﻨﻮﺍﺣﻲ  ﺗﺸﻤﻞﻧﻮﺍﺣﻲ 
ﻭﻓﻬﻢ ﻓﺔ ﺑﺸﻜﻞ ﻣﻜﺜﻒ ﻣﻦ ﺍﺟﻞ ﺍﻟﻮﺻﻮﻝ ﺍﻟﻰ ﻣﻌﺮ ﺍﻹﻧﺸﺎﺋﻴﺔﻓﻘﺪ ﺗﻢ ﺩﺭﺍﺳﺔ ﺍﻟﺠﺪﺭﺍﻥ ﺍﻟﺒﻨﺎﺋﻴﺔ ﻣﻦ ﺍﻟﻨﺎﺣﻴﺔ  ﺍﻟﺒﻨﺎﺋﻴﺔ،ﻟﻠﺠﺪﺭﺍﻥ 
 ﻫﻤﻴﺔﺃﻧﺤﻮﺍ ﺍﻟﺒﺤﺚ ﻓﻲ ﻫﺬﺍ ﺍﻟﺘﺠﺎﻩ ﻫﻮ  ﺍﻟﻌﻮﺍﻣﻞ ﺍﻟﺘﻲ ﺗﺪﻓﻊ ﺃﺣﺪ. ﻟﻸﺣﻤﺎﻝﺍﻟﺒﻨﺎﺋﻴﺔ ﻋﻨﺪ ﺗﻌﺮﺿﻬﺎ  ﺍﻟﺠﺪﺭﺍﻥﺗﺼﺮﻑ  ﻁﺮﻳﻘﺔ
ﺘﺎﺭﻳﺨﻴﺔ ﻛﻨﺰ ﻣﻬﻢ ﻟﻠﻜﺜﻴﺮ ﻣﻦ ﺍﻟﺒﻠﺪﺍﻥ ﺣﻮﻝ ﺍﻟﻌﺎﻟﻢ ﻣﻦ ﺍﻟﻨﺎﺣﻴﺔ ﺍﻟ ﻭﺍﻟﺘﻲ ﺗﺸﻜﻞﺍﻟﺒﻨﺎﺋﻴﺔ  ﺍﻟﺠﺪﺭﺍﻥﺍﻟﻤﺒﺎﻧﻲ ﺍﻟﺘﺎﺭﻳﺨﻴﺔ ﺍﻟﻤﻜﻮﻧﺔ ﻣﻦ 
ﺔ ﻋﺖ ﺍﻟﺤﺎﺟﺩ ﻭﺗﺪﻋﻴﻤﻬﺎ ﺇﺫﺍ ﻭﺃﻳﻀﺎ ﺗﻘﻮﻳﺘﻬﺎ. ﻫﻨﺎﻙ ﻣﺤﺎﻭﻻﺕ ﺣﺜﻴﺜﺔ ﻣﻦ ﺍﺟﻞ ﺍﻟﺤﻔﺎﻅ ﻋﻠﻰ ﻫﺬﻩ ﺍﻟﻤﺒﺎﻧﻲ ﻭﺍﻟﻨﺎﺣﻴﺔ ﺍﻻﻗﺘﺼﺎﺩﻳﺔ
  ﻣﻤﻜﻨﺔ ﻣﻦ ﺍﻟﺰﻣﻦ. ﻭﺃﻁﻮﻝ ﻓﺘﺮﺓ ﻷﻛﺒﺮﺑﺤﻴﺚ ﺗﻈﻞ ﻫﺬﻩ ﺍﻟﻤﺒﺎﻧﻲ ﻓﻲ ﺣﺎﻟﺔ ﺟﻴﺪﺓ 
ﺩ ﻓﻲ ﻣﻦ ﺍﻟﺤﺠﺮ ﺍﻟﺮﻣﻠﻲ ﺍﻟﻤﻮﺟﻮ ﻣﺼﻨﻮﻋﺔﻟﺠﺪﺭﺍﻥ ﻋﺪﺩﻳﺔ  ﺗﺤﻠﻴﻠﻴﺔ ﻭﺃﻳﻀﺎ ﺩﺭﺍﺳﺔﻣﻌﻤﻠﻴﺔ ﺗﺠﺎﺭﺏ ﺗﻢ ﻋﻤﻞ  ﺍﻟﺮﺳﺎﻟﺔ،ﻓﻲ ﻫﺬﻩ 
ﻲ ﺍﻟﻤﺎﺩﺓ. ﺍﻟﺤﺎﺻﻞ ﻓ ﺭﺍﻟﻀﺮﺑﻤﺴﺘﻮﻯ  ﺪﻭﻧﺔ ﻣﻘﺮﻭﻧﺔﻠﻭﺍﻟﻣﻨﻄﻘﺔ ﺍﻟﺮﻳﺎﺽ. ﺍﻟﺪﺭﺍﺳﺔ ﺍﻟﻌﺪﺩﻳﺔ ﺗﻤﺖ ﺑﺎﺳﺘﺨﺪﺍﻡ ﻧﻈﺮﻳﺔ ﺍﻟﻤﺮﻭﻧﺔ 
  ﻜﺲ.ﺑﺮﻧﺎﻣﺞ ﺃﺑﺃﺩﺭﺟﺖ ﻓﻲ  ﻭﻣﻦ ﺛﻢﺑﺮﻛﻠﻲ  ﻧﻴﺎﺭﻛﺎﻟﻴﻔﻮﺟﺎﻣﻌﺔ  ﻭﺗﻄﻮﻳﺮﻫﺎ ﻓﻲﻫﺬﻩ ﺍﻟﻨﻈﺮﻳﺔ ﺗﻢ ﺍﻧﺸﺎﺋﻬﺎ 
ﻣﻦ  . ﺍﺛﻨﻴﻦﻴﺎﺟﺎﻧﺒ ﻭﻣﻦ ﺛﻢﻣﺤﻮﺭﻳﺎ ﻛﻞ ﺟﺪﺍﺭ ﺗﻢ ﺗﺤﻤﻴﻠﻪ ﺃﻥ ﺟﺪﺭﺍﻥ ﺑﺤﻴﺚ  ﺛﻼﺛﺔﻭﺍﺧﺘﺒﺎﺭ ﺗﻢ ﻓﺤﺺ  ﺍﻟﻤﻌﻤﻠﻴﺔﻓﻲ ﺍﻟﺘﺠﺎﺭﺏ 
  .ﻑ ﺍﻟﻜﺮﺑﻮﻥﺎﻳﺘﻪ ﺑﻮﺍﺳﻄﺔ ﺍﻟﻴﻮﺗﻢ ﺗﻘ ﻬﺎ ﺍﻟﻄﺒﻴﻌﻴﺔ( ﻭﺍﻟﺠﺪﺍﺭ ﺍﻟﺜﺎﻟﺚﻲ ﺣﺎﻟﺘﻓ ﺟﺪﺭﺍﻥﻫﺬﻩ ﺍﻟﺠﺪﺭﺍﻥ ﻛﺎﻧﺖ ﺑﺪﻭﻥ ﺃﻱ ﺗﻘﻮﻳﺔ )
ﺍﻟﺒﻨﺎﺋﻴﺔ  ﻟﺠﺪﺭﺍﻥﺍﺗﻢ ﺗﺤﻠﻴﻞ  ﺑﺤﻴﺚ ﻜﺲﻋﻦ ﻁﺮﻳﻖ ﺑﺮﻧﺎﻣﺞ ﺃﺑ ﺍﻟﻤﺘﻨﺎﻫﻴﺔﺗﻢ ﺍﺳﺘﺨﺪﺍﻡ ﻁﺮﻳﻘﺔ ﺍﻟﻌﻨﺎﺻﺮ  ﺍﻟﻌﺪﺩﻳﺔ،ﻓﻲ ﺍﻟﺪﺭﺍﺳﺔ 
 ﻭﻣﻮﻧﺔ ﺍﻟﺒﻨﺎءﺒﻨﺎﺋﻴﺔ ﻟﻓﺮﺿﻴﺔ ﺍﻥ ﻛﻞ ﻣﻦ ﺍﻟﻮﺣﺪﺍﻥ ﺍ ﺍﻋﺘﻤﺎﺩﺍﺍﻻﺳﺘﺮﺍﺗﻴﺠﻴﺔ ﺍﻻﻭﻟﻲ ﺗﻢ  :ﺍﺳﺘﺮﺍﺗﻴﺠﻴﺘﻴﻦﺑﻬﺬﻩ ﺍﻟﻄﺮﻳﻘﺔ ﻋﻦ ﻁﺮﻳﻖ 
ﺍﻟﺒﻨﺎﺋﻴﺔ ﻣﻮﺍﺩ  ﺍﻟﻮﺣﺪﺍﺕﺍﻟﺜﺎﻧﻴﺔ ﺗﻢ ﻓﺮﺽ  ﺍﻻﺳﺘﺮﺍﺗﻴﺠﻴﺔﻁﺮﻳﻖ ﺍﺳﺘﺨﺪﺍﻡ ﺍﻟﻌﻨﺎﺻﺮ ﺍﻟﺼﻠﺒﺔ. ﻓﻲ  ﻭﺫﻟﻚ ﻋﻦﻫﻲ ﻣﻮﺍﺩ ﻣﺘﺼﻠﺔ 
ﻋﻨﻬﺎ ﺑﻄﺒﻘﺎﺕ ﺭﺑﻂ ﺑﻴﻨﻴﺔ. ﺍﻟﻌﺪﻳﺪﺓ ﻣﻦ ﺍﻟﺘﺠﺎﺭﺏ ﺍﻟﻤﺨﺒﺮﻳﺔ ﺃﺟﺮﻳﺖ ﻋﻠﻰ ﺍﻟﻤﻮﺍﺩ  ﻞ ﺑﻴﻤﻨﺎ ﻣﻮﻧﺔ ﺍﻟﺒﻨﺎء ﺗﻢ ﺍﻻﺳﺘﻌﺎﺿﺔﻣﺘﺼ
  ﺍﻻﺯﻡ ﻣﻌﺮﻓﺘﻬﺎ ﻣﻦ ﺍﺟﻞ ﺗﺸﻐﻴﻞ ﺍﻟﺘﺤﻠﻴﻼﺕ ﺍﻟﻌﺪﺩﻳﺔ. ﺍﺟﻞ ﺍﻟﺤﺼﻮﻝ ﻋﻠﻰ ﺧﺼﺎﺋﺺ ﺍﻟﻤﻮﺍﺩ ﺋﻴﺔ ﻣﻦﺍﻟﺒﻨﺎ ﻟﻠﺠﺪﺭﺍﻥ ﺍﻟﻤﻜﻮﻧﺔ
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ﺍﺧﺘﺒﺮﺕ ﺑﻮﺍﺳﻄﺔ ﺑﺎﺣﺜﻴﻦ ﺍﺧﺮﻳﻦ ﻣﻦ ﺍﺟﻞ ﺍﻟﻮﺻﻮﻝ ﺍﻟﻰ ﺻﻴﻐﺔ  ﺃﺟﺮﻳﺖ ﺃﻳﻀﺎ ﻋﻠﻰ ﺟﺪﺭﺍﻥ ﺑﻨﺎﺋﻴﺔﺃﺧﺮﻯ ﺗﺤﻠﻴﻼﺕ ﻋﺪﺩﻳﺔ 
  .ﻭﺟﺎﻧﺒﻴﺎﻣﻮﺣﺪﻩ ﻟﻄﺮﻳﻘﺔ ﺗﺼﺮﻑ ﺍﻟﺠﺪﺭﺍﻥ ﺍﻟﺒﻨﺎﺋﻴﺔ ﻋﻨﺪ ﺗﺤﻤﻴﻠﻬﺎ ﻣﺤﻮﺭﻳﺎ 
ﻣﺤﻮﺭﻳﺔ  ﺣﻤﺎﻝﻷﺍﺋﻌﺔ ﺣﻴﺚ ﺗﻢ ﺍﻟﻮﺻﻮﻝ ﺍﻟﻰ ﻣﻌﺮﻓﺔ ﻛﻴﻔﻴﺔ ﺗﺼﺮﻑ ﺍﻟﺠﺪﺭﺍﻥ ﺍﻟﺒﻨﺎﺋﻴﺔ ﺍﻟﻤﻌﺮﺿﺔ ﺗﻢ ﺍﻟﺤﺼﻮﻝ ﻋﻠﻰ ﻧﺘﺎﺋﺞ ﺭ
ﻑ ﺑﻨﻔﺲ ﺍﻟﻄﺮﻳﻘﺔ ﺗﺘﺼﺮ ، ﻓﺈﻧﻬﺎﻭﺍﺣﺪﻣﻦ  ﺗﺘﻘﺮﺏﻧﺴﺒﺔ ﺍﺑﻌﺪﺍ  ﻭﺍﻟﺘﻲ ﻟﺪﻳﻬﺎ ﺍﻟﺒﻨﺎﺋﻴﺔ ﺍﻟﺠﺪﺭﺍﻥ. ﺗﻢ ﺍﻛﺘﺸﺎﻑ ﺍﻥ ﺟﻤﻴﻊ ﻴﺔﺒﻭﺟﺎﻧ
  .ﺭﻱ ﺍﻟﻤﺴﻠﻂ ﻋﻠﻰ ﺍﻟﺠﺪﺍﺭﻮﻤﻞ ﺍﻟﻤﺤﻟﺔ ﻟﻤﻘﺪﺍﺭ ﺍﻟﺤﺩﺍﻟﺠﺎﻧﻴﺔ ﻛﻤﻌﺎ ﻟﻸﺣﻤﺎﻝﺗﻘﺮﻳﺒﺎ ﻋﻨﺪ ﺍﻟﻨﻈﺮ ﺍﻟﻰ ﻣﻘﺎﻭﻣﺔ ﺍﻟﺠﺪﺭﺍﻥ 
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1 CHAPTER 1 
INTRODUCTION 
Masonry wall as a building blocks of masonry structures has attracted tremendous 
attention from several research directions. It has been studied architecturally, 
mineralogically and structurally. Taking the structural point of view, masonry structures 
have been studied extensively for better understanding of its behavior. One of the greatest 
motivations for this direction of research is that historical structures represent valuable 
treasures for the countries culturally and economically. Attempts are being exerted for 
preserving, maintaining and strengthening historical structures so that they can still be in 
good conditions for longer period of time. One of the most hazard that can damage 
masonry structures are the earthquakes. 
 
1.1 Earthquake Hazard. 
Earthquake is a major hazard that some countries worldwide are facing. These earthquakes 
result in loss in human life and economy. It has been reported that, masonry buildings 
show high level of damage due to earthquake loading as compared to modern reinforced 
concrete and steel constructions. This is because of the fact that masonry structures are 
poorly designed to withstand such loading and also it is the nature of the masonry 
construction in which the masonry walls are weak to resist seismic movements, especially 
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with the movements that result in out of plane vibrations. Earthquake damage can happen 
due to direct effect of ground motion as seen in many earthquake events worldwide. A lot 
of destruction occurs in the infrastructures, residential and commercial structures which in 
turn results in loss of life and has a major effect on the economy. Fig 1.1 shows a major 
destruction that happened due to earthquake that hit Haiti in January 2010. A lot of death 
was reported in this earthquake and economic crisis hit the country. A violence was also 
reported as a consequence of non-availability of food which added extra complication to 
the situation. 
Earthquake effect can also happen indirectly in a form of tsunamis which can be more 
dangerous and result is catastrophic destruction. The tsunami which hit Japan in March 
2011 is  an example of the amount of damage and destruction that can happen as a result 
of earthquake Fig 1.2. 
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Figure  1.1 Damaged Buildings in Port-au-Prince, Haiti, after 7.0 Earthquake, January 
2010 
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Figure  1.2 A large Ferry Boat Rests Inland Amidst Destroyed Houses after a 9.0 
Earthquake and Subsequent Tsunami Struck Japan in March 2011 
 
1.2 Seismicity of Arabian Peninsula 
It is well know that on our planet Earth, there are seven or eight major tectonic plates 
(depending on how they are defined) and many minor plates. Most of the major 
earthquakes occur at the plate boundaries due to the movement of the tectonic plates. Fig 
1.3 show a depiction of Earth tectonic plates provided by USGS (U.S Geological Survey). 
Majority of the boundaries of the pates are located in the oceans and seas. Some of these 
faults is also pesent within the earth land as can be seen in Carrizo Plain, which is one of 
the easiest places to view surface fractures of the San Andreas Fault, which traverses below 
the plain (Fig 1.4). 
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Figure  1.3 The 15 Major Earth Tectonic Plates (USGS) 
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Figure  1.4 Carrizo Plain, Northwest of Los Angeles 
 
It is clear that the Arabian plate is a small plate compare to other plates.  The Eastern and 
northern margins of the Arabian plate consist of the Zagros and Makran Mountains in Iran, 
and the Taurus Mountains in southern Turkey, and these form a convergent zone where 
the Arabian plate collides with the Eurasian plate. The Dead Sea transform fault system in 
the northwestern part of the Arabian plate extends from the northern part of the Red Sea to 
the Taurus Mountains in southern Turkey, passing through the Gulf of Aqaba and the Dead 
Sea. The Owen fracture zone on the south-east edge of the Arabian plate extends from the 
eastern part of the Gulf of Aden to the Makran Mountains. The Arabian plate moves in a 
northeasterly direction between the Owen fracture zone and the Dead Sea fault with 
widening of the Red Sea and Gulf of Aden, and collision or subduction with the Makran, 
Zagros, and Taurus Mountains Figs 1.5 and 1.6. 
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Figure  1.5 Plate Tectonic Movements Measured by GPS Devices (NASA). 
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Figure  1.6 Arabian Plate Boundaries and Relative Movements (Johnson 1998) 
 
It has been reported by NASA that 358,214 earthquake events occurred worldwide 
between 1963 and 1998 (Fig 1.7). In addition, USGS has issued a map for the major 
earthquake events that occurred worldwide between 1900 and 2010 (Fig 1.8). Among 
those events, at least 2 major earthquakes happened in Arabian plate. The first one was in 
Dhamar, North Yemen (near the southern border of Saudi Arabia) which accrued on 
December 13, 1982 with magnitude of 6.0. It was the first instrumentally recorded 
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earthquake in the Dhamar region. As many as 2,800 people were killed and 1,500 injured. 
The second major earthquake was in Jordan (near the northern border of Saudi Arabia). It 
occurred in Gulf of Aqaba (also known as Nuweiba earthquake) on November 22, 1995,  
at 06:15 local time (04:15 UTC) and registered a magnitude of 7.3 on the Richter scale. 
The epicenter was located in the central segment of the Gulf of Aqaba (the narrow body of 
water that separates Egypt's Sinai Peninsula from the western border of Saudi Arabia). At 
least 8 people were killed and 30 were injured in the meizoseismal area. Saudi Arabia was 
affected by this earthquake. Two women were reported dead and one person was killed 
and two were injured slightly at Al Bad and damage was reported there as well as the 
towns of Al-`Ula and Haql. During several independent field studies, cracks and other 
ground deformations were observed on both the Egyptian and Saudi Arabian sides of the 
gulf. A series of cracks were discovered in Saudi Arabia near 28°35' N and 29°05' N during 
a field survey that was done there in 1996. 
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Figure  1.7 Global Earthquake Eepicenters, 1963-1998 
 
Figure  1.8 Seismicity of the Earth 1900-2010 (USGS) 
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1.3 Earthquake Due to Volcanic Activates. 
Earthquake may also happen as a result of volcanic activities in which the lava 
movement under the earth crust exerts a high pressure on the crust trying to escape to 
outside. This process is generally associated with earthquake activities. Saudi Arabia 
has such type of actives especially in the western and northern western part of the 
country. The last volcanic activity reported was in Al-Ais area near Medina, May 2009. 
The resulting earthquake measured 5.8 on the Richter scale. At least 3000 earthquakes 
has been recorded within one month in which 30 of them measured 3.7 on the Richter 
scale. Fig 1.9 -1.12 shows some aspects and consequences of the earthquake. 
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Figure  1.9 Volcano Caused the Earthquake, 9 Km South East Al-Ais 
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Figure  1.10 Earth fault Resulted from Al-Ais Earthquake. 
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Figure  1.11 Earth Fault Resulted from Al-Ais Earthquake. 
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Figure  1.12 A close view of the Earth Fault Resulted from Al-Ais Earthquake. 
 
Saudi geological survey has issued a map for the recent activities in the Kingdom. This 
map shows quite large number of activities, particularly in the western part of the country 
as shown in Fig 1.13. Some of these activities were measured more than 5.0 on Richter 
scale. 
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Figure  1.13 Earthquake Epicenter in Saudi Arabia and other Countries up to 2010. 
 
It can be seen that there is potential earthquake hazard in some areas especially western 
part of Saudi Arabia. Due to this hazard, Saudi authority has put laws in those areas in 
which the seismic design is now mandatory for any new construction in the area. The Saudi 
authorities have also constructed a network of seismic recording stations the spread though 
out the country as show in Fig 1.14.  
 
17 
 
 
Figure  1.14 Seismic Recording Station in Saudi Arabia. 
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1.4 Earthquake and Heritage Structures. 
Unreinforced masonry (URM) construction is one of the oldest type of structures in human 
history. It was used by almost all civilizations in different areas all around the world. 
Different kind of constructions have been constructed using masonry walls including low 
rise buildings, high rise buildings, dams, channels, stardoms, bridges, lighthouse, mosques, 
churches, and so many other type of constructions (Figs 1.15-1.17).  Masonry type of 
construction is still being used up to present day in many urban areas as bearing walls, and 
in other areas in heritage type of construction. Masonry components are also used in 
modern buildings, especially as infill walls. According to the work done by Abrams (1992) 
and Filiatrault et al (2001), URM has been recognized, following nearly every medium to 
strong earthquake, as one of the most vulnerable forms of construction. From the past 
experience of earthquakes, well-engineered and constructed URM buildings possess good 
characteristics and can withstand such earthquakes. Most reports mentioned that the 
majority of deaths in a major earthquake event result from failure of seismically deficient 
URM structures due to their inability to dissipate energy through inelastic deformation in 
an earthquake. 
Heritage structures were mainly built with masonry type of construction. Such heritage 
buildings represent human treasures as well as they are considered to be a major source of 
tourist related income to governments and countries all around the world. One example of 
such effect of heritage structure is Turkey, which hosts most of humane heritage structures 
aged back up to early time of civilization. These historical structures have a major effect 
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on the economy of Turkey in which about 33 millions tourists  have reported to arrive to 
the turkey in 2011, which makes more than 17 billion $ dollars of income. 
 
Figure  1.15 Blue Mosque, Istanbul, Turkey, built from 1609 to 1616. 
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Figure  1.16 The Coliseum, Rome, Italy, the largest ever structure built in the Roman 
Empire , built from 72 AD 80 AD 
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Figure  1.17 Roman Aqueduct, Segovia, Spain. 
1.5 Heritage Structures in Saudi Arabia. 
Saudi Arabia and all other countries in the Arabian Island have rich heritage construction 
which is spread all over the country. Some of these structures were built using rocks and 
lime mortar and others were built using mud. A lot of damage happened to some of those 
structures. Recently, several projects for restoration and rehabilitation such structures are 
taking places. Jeddah city is considered one of the places that hold many heritage 
structures. Saudi Arabia authorities have lunched a project for restoration of Jeddah old 
city. Figs 1.18-1.21 show some of the old buildings in Jeddah. 
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Figure  1.18 New and Old Building 
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Figure  1.19 Old Building after Restoration 
 
 
 
New Building 
Old Building 
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Figure  1.20 Old Building before Restoration 
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Figure  1.21 Collapse of an Old Building in Jeddah. 
 
Diriyah in Riyadh is also one of the historical places in Saudi Arabia. It includes old city 
and also historical palaces and Castles. The Saudi authorities launched a project for 
restoration of the historical buildings and places in Diriyah. Fig 1.22 shows some of the 
old buildings in Diriyah. 
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Figure  1.22 Historical Palces in Diriyah-Riyadh 
In the Eastern Province, many historical places exist. One of those places is Tarout Castle 
in Tarout Island. This castle is reported to be built 4300 B.C. A lot of damage due to non-
documented reasons has affected the castle and there is a government project to restore 
and retrofit the castle as shown in Fig 1.23 and 1.24 
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Figure  1.23 Tarout Castle in Qatif, built 4300 BC 
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Figure  1.24 Close vies of Tarout Castle in Qatif, built 4300 BC 
 
1.6 Summary 
The previous review shows that there exists a strong need to develop an expertise in the 
area of earthquake engineering in general and in heritage structures restoration and 
retrofitting in particular to maintain and preserve such structures in good conditions against 
any damage that may occur during a seismic event. In order to accomplish this, there is a 
strong need to understand the behavior and response of such structures to seismic loading. 
This understanding of wall behavior will allow engineers to make correct decisions in the 
right time to either strengthen or retrofit these structures. Based on that, a project is 
underway in the Department of Civil and Environmental at KFUPM to assess the behavior 
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of walls made from sandstone and lime mortar that represent a form of heritage structures 
in Riyadh. 
 
Several studies have been carried out targeting the understanding of the behavior of URM 
and the retrofitting of URM when subjected to seismic loading. Some of these studies are 
experimental, whilst others are either numerical or combined approaches. Several 
techniques of seismic retrofitting of masonry structures have been developed and practiced 
in seismically active areas including Turkey, Iran, Mexico, Portugal, Greece, Italy, Japan, 
United States and many other countries all around the world. 
Masonry walls plays an important role in seismic response of the whole masonry structure 
according to the configurations of the masonry wall in the structure. It has been reported 
(Vasconselos 2005) that if the wall does not fail in the out of plane failure mode , then the 
resistant mechanism of the unreinforced masonry building under seismic action is assured 
by in-plane behavior of masonry walls. Several type of tests have been used in 
investigating the behavior of masonry walls. 
In general, masonry walls show five modes of failure depending on loading and geometry 
conditions, which is measured in terms of aspect ratio (ratio of height to width). Walls 
having an aspect ratio close to 1.0 generally fail in the following modes: (i) rocking mode, 
(ii) sliding mode, (iii) staggered head/bed joint failure, (iv) cracks through wall blocks, and 
(v) crushing of wall blocks or bricks. Based on research conducted on behavior of URM, 
it can be concluded that walls subjected to in-plane loading follow similar failure patterns. 
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Behavior of masonry walls subjected to both axial and cyclic lateral loading has been 
investigated extensively by different researchers worldwide. Such investigations are very 
important due to the need to preserve the heritage structures subjected to seismic activities. 
It has been reported that, the Gulf area is being subjected to an increasing trend in seismic 
activities which means that there is a strong need to study the effect of seismic loading on 
heritage structures in local areas of Gulf. Gulf area has a rich collection of heritage 
structures that are spread throughout the Gulf countries. Different kind of masonry walls 
were used to construct such structures including single and multi-leaf masonry walls. In 
this study, the behavior of masonry walls subject to seismic loading is assessed by 
conducting an experimental and numerical study on walls subjected to pre-axial 
compression force and lateral cyclic displacement load. The walls tested in this study were 
typical form of heritage construction used in Riyadh, Saudi Arabia. The walls consists of 
one single leaf with lime mortar between stone units at head and bed joints. 
 
In order to arrive at a firm understanding of the behavior of walls subjected to pre-axial 
compression force and cyclic loading, walls are modeled in an ABAQUS environment, 
using a plastic-damage model as originally developed by Lubliner (1989) and further 
extended by Lee and Fenves (1998) at University of California, Berkley. Micro-modeling 
analysis level was used in which both stone bricks and lime mortar are modeled using 
continuum approach as an elasto-plastic damage to capture the true behavior when subject 
to cyclic loading. Different kind of material tests were conducted to extract the material 
properties needed in the FEM simulation. 
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The model yields interesting interactive collapse mechanisms that result as the axial 
loading on the wall is increased. Different modes of failure have been observed in this 
study.  
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2 CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
Masonry wall has been used since the early civilization. It was used mainly as a load 
carrying structure. The world is full of heritage structures that are highly valuable. Those 
structures have been suffered from several aggressive agents that tend to destroy them. 
One of the most severe and over the centuries disastrous agents is the earthquakes. 
Masonry wall is still used nowadays as infill in the reinforced concrete frame structures. 
In order to maintain the treasure of heritage structures as well as preservation of humans 
live, masonry walls need to be investigated and studied to characterize the mechanical 
properties and behavior of them to several loading conditions. As mentioned before, 
earthquake is the main issue that threatens and shortens the life of such masonry structures. 
The masonry walls could be single leaf or multi-leaves which may be filled with rubble in 
between leaves.  Several researchers have investigated the behavior of masonry walls. 
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2.2 Research Survey. 
Demir (2012) studied the effect of cyclic loading on heritage masonry wall representing 
an ancient historical Mosque in Istanbul which is Bayezid II Mosque. In his work, Demair 
tested 6 masonry walls which were 1/3 scale down of the real masonry walls of the 
Mosque. The walls were multi-leaves walls with rubble infill between the two layers of 
the wall. The dimensions of the walls were 1.2 m by 1.2 m and had a thickness of 30 cm. 
Some of the walls were prepared with clamps between units to represent the real situation 
in the mosque. The loading type was quasi-static cyclic loading. 
 
The variables in Demir’s experiments were clamped or unclamped and level of axial loads 
exerted on the walls. These variables are summarized in Table No. 2.1. 
 
Table  2.1 variables in Demir’s experiments 
Sample Clamped or Not 
Axial 
Load Axial Stress Mpa 
(MPa) 
M-25-C Yes 0.25 0.25 
M-50-C Yes 0.50 0.5 
M-75-C Yes 0.75 0.75 
M-100-C Yes 1.00 1.0 
M-50 No 0.50 0.5 
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The lateral displacements were recorded against the lateral strength associated with that 
displacement. In his study, Demir found that the mosque walls exhibit different behavior 
and strength according to the level of axial stress exerted on the wall. Mode of failure was 
noted to vary according to the variation of axial load. Demir also reported a ductile 
behavior of the walls when the level of axial stress is low compared to the axial capacity 
of the wall. Demir performed a finite element analysis using ABAQUS. Although Demir 
was able to get good agreements between the experiment and FEM analysis, the range of 
axial load used in the FEM analysis was limited to that used in the real experiment. 
 
Li et al (2005) investigated the behavior of masonry concrete walls subjected to diagonal 
loading. They also investigated the effect of NSM (near surface mounted) reinforcement 
using GFRP and stainless steel bars on the strength of masonry walls. The authors 
discussed their results in the framework of a mechanistic model. In the current study 
presented in this manuscript, finite element simulations, using elasto-plastic damage 
model, have also been conducted on the concrete masonry walls tested by Li (2005). The 
loading types adopted in this study are axial and lateral loading, in which the effect would 
be similar to that of diagonal loading adopted by Li et al (2005). Finite element simulation 
has been conducted for this type of wall using a number of initial axial load intensities, as 
high as the full axial capacity of the wall, so that the interaction diagram in the axial and 
lateral load space can be determined. The geometry of the walls adopted by Li et al (2005) 
was 1625 mm by 1625 mm by 152 mm thickness. The concrete masonry units had 
dimensions of 406 mm by 203 mm by 152 mm thickness. A type N mortar (ASTM C270) 
was used to build the walls. 
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Vasconcelos (2005) studied the seismic performance of masonry walls made of granite 
stone. She did an in-plane loading test on three types of masonry walls, namely, WS (walls 
composed of units with regular shape and dimensions and dry joints), WI (walls consisted 
of the assembly of irregular hand cut and bed joints), WR (walls composed of units with 
variable shape and dimensions randomly assembles with low strength mortar). The walls 
have dimensions of 1m x 1.2 m. The WS walls were subjected to in-plane monotonic 
loading. The other two types of walls were subjected to cyclic loading. All three types of 
walls were subjected to pre-axial compression stress of 0.5, 0.87 and 1.25 MPa. 
Vasconcelos reported that, the failure modes depend clearly on the level of axial load and 
on the textural arrangement. She concluded that, for low to moderate axial loads, the 
flexural/rocking mechanism prevails, whereas, for high levels of pre-compression, the 
lateral response is either characterized by mixed flexural/shear/toe crushing or by shear 
failure. Vasconcelos also reported that masonry walls subjected to high levels of pre-
compression, exhibit a brittle failure. It was verified that masonry stone walls exhibit large 
nonlinear deformation up to the collapse state. 
 
Senthivel and Lourenco (2009) have conducted a finite element analysis for modeling of 
deformation characteristic of historical stone masonry shear wall. They have idealized the 
simulation as two dimensional nonlinear finite elements. Their numerical study was based 
on experimental test carried out by Vasconcelos. Plasticity theory based on micro 
modeling technique has been adopted in their analysis. The stone units were modeled using 
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eight node continuum plane stress elements with full Gauss integration. The joints and 
unit-joints interfaces were modeled using six node zero thickness line interface elements 
with Lobatto integration. The numerical and material properties needed for the simulation 
were extracted from the experimental work of Vasconcelos study. They used a FORTRAN 
Finite element program developed by Lourenco (1996). They have found that, heel, toe, 
center and local point of application of load on the shear wall are the critical regions. They 
also found that, failure in these regions mainly controlled the overall behavior of the shear 
walls. They have concluded that, failure patterns and load deformation response of the 
walls are highly influenced by the axial pre-compression and material properties. 
According to their results, they have found a good agreement between the FEM and 
experimental results. Although the FORTRAN program was used to simulate monotonic 
loading, it can’t be used to simulate cyclic loading. 
 
Gabor et al (2006), have conducted numerical and an experimental analysis of the in-plane 
shear behavior of hollow brick masonry panels subjected to diagonal loading. The non-
linear behavior of masonry was modeled considering elastic-perfectly plastic behavior of 
the mortar joint. The researchers used micro-modeling approach to the walls so that for 
mortar, elastic-perfectly plastic formulation (Drucker–Prager) is adopted with non-
associated plasticity to describe the evolution of the plastic strains. The bricks were 
considered full elastic material. The FEM environment was ANSYS. They have extracted 
the parameters needed in the FEM simulation using tests conducted on prisms. The 
experimental study was conducted on masonry panels having dimensions of 870 mm by 
840 mm by 100 mm. The researchers have concluded that, there is a good agreement 
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between the results of the experimental and numerical studies. The FEM predicted, with 
good accuracy, the ultimate loads, ultimate strains, plastic strain evolution, and failure 
modes. 
 
Da Porto, F et al (2010), have conducted and experimental and numerical study on defining 
the in-plane cyclic behavior of three types of load-bearing masonry walls, assembled with 
perforated clay units, and various types of head and bed joints. Three types of clay masonry 
were studied: units with mortar pockets (PO), tongue-and-groove units (TG), and edge-
ground units with thin-layer mortar joints (TM). According to experimental results, a 
methodical process of model calibration was carried out in order to obtain one single set 
of parameters that can be used with different modeling strategies and can describe various 
types of test. Experimental behavior was reproduced by four types of nonlinear finite-
element models. Both macromodeling and micromodeling strategies, implementing either 
the isotropic damage or orthotropic plastic model, were adopted. Results allow some 
conclusions to be drawn about the adopted experimental procedures, the behavior of the 
three masonry types, and the reliability of the modeling strategies in order to use the most 
consistent one to carry out parametric analyses. The walls were made with vertically 
perforated clay units. Masonry made with pockets for mortar infill (Po), according to 
Eurocode EN1996-1-1 (European Committee for Standardization 2005), is classified as 
having fully filled head joints as mortar is provided over a minimum of 40% of the unit 
width. Masonry made with tongue-and-groove units (TG) was built with dry mechanical 
interlocking between units at the head joints. Thin-layer joint masonry (TM) was built 
using thin layer mortar at the bed joints and dry mechanical interlocking between the units 
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at the head joints. Almost 150 tests on mortar and units were conducts. 51 tests were 
conducted on large masonry assemblage with dimensions of 1000 ൈ 1250 ൈ 300	mm. the 
walls tested with applying central and constant vertical loads of 17, 22, 27, and 33% of the 
mean compressive strength measured by the uniaxial compression tests. Experimental 
results were reproduced by means of both macromodeling and micromodeling strategies. 
A plane stress state was assumed in all adopted models, implementing actual experimental 
boundary conditions and loading schemes. Eight-node elements with a Gauss integration 
scheme were used in continuum models and for masonry units. In the discrete models, six-
node zero thickness interface elements with the Lobatto integration scheme were also 
adopted for head and bed joints. The results shows a good agreement between 
experimental and numerical studies. Francesca also reported that Orthotropic models and 
the isotropic micromodel are more suitable and isotropic models, in particular the isotropic 
micromodel, described shear-compression tests accurately. 
 
Chaimoon et al (2007), have conducted a numerical study of unreinforced masonry walls 
under shear-compression fracture using inelastic material behavior with compression cap 
in the failure surface. According to Chaimoon, a simplified micro-modeling approach is 
used wherein the two masonry components: bricks and mortar joints are modeled 
separately. The mortar joint, which is the plane of weakness, is represented through 
interface nodes of zero thickness. The formulation derived by Attard and Tin-Loi (2007) 
for the numerical simulation of fracture in concrete is extended to model shear 
compression failure in masonry. According to Chaimoon, the advantages of this 
formulation are that, as with the discrete crack models, there is no length scale required. 
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The formulation also allows the tracking of interacting and/or branching cracks without 
re-meshing. The formulation of Attard and Tin-Loi (2007) is based on a linear 
complementarity formulation as in Bolzon et al and uses a mathematical programming 
algorithm to obtain solutions to a non-holonomic rate form within a quasi-prescribed 
displacement approach. The inelastic failure surface of a structure is an assembled 
piecewise-linear failure surface. Compressive failure was not taken into account. The 
results of simulations of failure in masonry walls showed that the inclusion of brick failure 
was very important with reasonable predictions when compared to experimental results. 
The formulation, however, was limited because of the existence of unacceptably high 
compressive stresses at the wall toe. 
 
2.3 Type of Cycle Loading. 
The behavior of masonry structures have been studied by different researchers using 
different testing technique. The main difference between those techniques is the loading 
nature such as quasi-static monotonic or cyclic loading, shaking table loading, and pseudo-
dynamic loading. According to Gerardin and Negro (2000), the dynamic shaking table is 
the most realistic test to accurately simulate seismic loading. Pesudo-dynamic tests is 
similar to shaking table test. In the quasi static loading however, the rate of loading is low. 
Although the quasi static loading cannot capture the inertia effect, it is the most common 
technique used to evaluate the behavior of masonry walls because this test is simple 
relative to other testing techniques and allow more accurate measurements of forced and 
displacements and the record of damage evolutions. The results of quasi-static loading are 
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more conservative compare to the dynamic test in which the inertia effect adds more 
resistance to the wall in case of dynamic testing. The lateral loading in quasi-static loading 
can be extracted from real seismic lading as shown in Fig 2.1 (Tomaževič) 
 
Figure  2.1 Typical lateral displacement time histories used to simulate seismic loading 
(Tomaževič,1999). 
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3 CHAPTER 3 
THEORETICAL PRELIMINARIES 
3.1 Introduction. 
Numerical investigation of masonry wall subjected on in plane loading have been 
investigated quite much in recent decades. It is well known that masonry structures are a 
composite material as it consists of mortar and bricks in which each material has its own 
material properties. Moreover, the interaction between constituent materials raises extra 
challenges to the problem. Another source of complexity when dealing with masonry 
structures is the consequence of loading in which cracks formed within the material will 
generate new surfaces within each material. This lead to contact problem between the two 
crated surfaces at the sides of the cracks. Loading is also add more complexity to the 
problem under consideration. Dynamic lading which involve earthquake loading is 
extremely difficult and complex to be modeled using numerical technique. 
When investigating numerical studies conducted by many researchers, it can be concluded 
that, finite element method is the most numerical technique used technique in solving 
masonry mechanics problem. The availability of sophisticated commercial software makes 
dealing with mechanics of masonry wall easy. When considering all of complexity 
included in masonry mechanics, finite element method needs a lot of resources in terms of 
material properties, processing time and storage capacity. Therefore, many simplifications 
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have been adopted and incorporated when conducting fine element analysis. These 
simplifications included, idealization of 3D problem to 2D, simplification in material 
constitutive models, simplification and idealizations in loading type, and simplification in 
level of analysis. 
Three different types of computational methods have been utilized be the research 
community to simulate the behavior of masonry structures under static and dynamic 
loadings. These computational methods are generally categorized into three groups 
namely: (i) micro-scale, (ii) macro-scale, and (iii) meso-scale (Kiarash, M. D  2012). In 
the macro- and meso-scale analysis of masonry buildings, the general behavior of the 
structure is important, and not the detailed behavior of each component. Although micro-
scale modeling takes the most computational resources (size and time), it has the most 
accuracy level and gives accurate response of the structure beside the exact path of cracks 
and exact shape of failure pattern. Analysis methods based on meso- and macro-scale 
approaches are usually accompanied by simplifying assumptions to improve the 
computational efficiency, and clearly, the accuracy of the analysis is less than in the micro-
analysis case. 
In the micro and mesoe scale analysis, three main techniques have been implemented in 
analysis of masonry structures. The first techniques is based on interface assumption of 
mortar and places of potential cracks within masonry unites. In this model masonry brick 
are modeled as continuum based (elastic or inelastic) material and the mortar is molded as 
interface material. This model have been investigated by many researchers (Roelfsta, 
Bazent, Lourenco, Page, Cusatis, and Giblert). In case of cracks with the bricks 
themselves, interface are introduced at the places where potential cracks can happen. In 
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the interface element approach the interface element modeled based on elasto-plastic 
behavior. The interface element was originally molded so that only tensile and shear failure 
could happen in the normal compression however, no crash is allowed in the interface 
element. Lourenco modified this model and added a cape to the compression curve of the 
interface material in which interface element will crash when reaching certain level of 
normal stress. Although the interface element was molded based on nonlinear behavior, 
the bricks was assumed to behave elastically. 
The second technique used in simulating masonry and concrete structures is that based on 
Discrete Element Method (DEM). In this technique the continuum elements are replaced 
by system of discrete element in which the materials are discretized into collection of rigid 
bodies connected and interact by friction. This approached was investigated by Cundall. 
The third FEM techniques is the lattice model. In this model the material was replaced by 
truss elements with different material poetries of the truss elements. The lattice model have 
been developed so that the truss elements have been changed by beam element with three 
degree of freedom in 2D and six degree of freedom in 3D ( Harnnikoff and Cusatis). 
In the current study, continuum based approach was adopted in which masonry brick and 
mortar where modeled as continuum material. The interaction between mortar and bricks 
was assumed perfect. This assumption was based on the fact that the cracks in the mortar 
joist mostly happen within the mortar themself. So treating the mortar as a continuum 
material with week properties will accurately give the effect of interface. The advantage 
of this model is that the true failure of wall as well as the crack pattern within mortar can 
be captured efficiently. 
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Several constitutive models have been proposed and used to simulate masonry mechanics. 
In the discrete approach, the unidirectional members can have simple elastic properties or 
it can have also elasto-plastic properties. In general the behavior can be captured though 
the degrees of freedom at the nodes of the element. 
In the interface model, the bricks are assumed elastic and all nonlinearity will be lumped 
in the interface element (Lourenco). Most of proposed interface element consider Mohr-
Coulomb as a yield surface with adding compression cap and tension cutoff (Lourenco). 
The proposed yield surface in the ߬ െ ߪ space is shown in Fig 3.1. 
 
Figure  3.1 Yield surface of Interface Proposed by Lourenco 
Remarkable work have been done by Lourenco in numerical simulation of masonry wall 
based on interface modeling approach. In his work, Lourenco suggested nullity composite 
yield surface that includes tension, shear and compression failure with softening of each 
surfaces. These yield surfaces that shown in Fig 3.1 are described as follows: 
Tension cutoff. 
ଵ݂ 
Compression cap 
ଷ݂ 
Mohr-Coulomb Surface 
ଶ݂ 
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Tension cutoff surface: 
ଵ݂ሺߪ	, ߢଵሻ ൌ 	ߪ	 െ	 ௧݂ሺߢଵሻ     (3.1) 
Mohr-Coulomb surface: 
ଶ݂ሺߪ	, ߢଶሻ ൌ 	߬ ൅ ߪ	ܶܽ݊൫߶ሺߢଶሻ൯ െ 	ܿሺߢଶሻ   (3.2) 
Compression cap: 
ଷ݂ሺߪ	, ߢଷሻ ൌ ܥ௡௡ߪଶ ൅ ܥ௦௦߬ଶ ൅ ܥ௡௡ߪ െ	ߪതଶሺߢଷሻ  (3.3) 
Where ௧݂ , ܿሺߢଶሻ, and ߪതଶሺߢଷሻ are functions of ߢ and some other material parameters. 
The expansion and contraction (herding and softening) of the yield surfaces are controlled 
by parameter ߢ௜ which is a function of plastic strain rate, state of stress and other factors. 
ߢ௜ ൌ ߢ௜ሺߝሶ௣, ߪ, . . ሻ     (3.4) 
Although Lourenco’s cap model provided a novel way of get the behavior of masonry 
wall, it did not take into account the degradation of stiffness of the material when 
performing cyclic loading. Several experiments have been reinforce that idea that, when 
unloading for any point bend yield limit, the loading slop (stiffness) is less than the initial 
slop (Stiffness) of the load displacement curve. In Lourinco model however, the unloading 
path will follow same slop as the initial slope of the load displacement curve.  
To take into account the degradation of the stiffness of the material when unloading, 
reduction of initial stiffness has to be introduced. The best technique to address this issue 
is though damage mechanics. In damage mechanics, the stiffness is reduces continually 
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through damage parameter that increasingly evolve during loading. The evolution of 
damage parameter is controlled by state of plastic strain and the energy dissipated during 
loading. 
In concrete and granular material, the degradation of stiffness was observed and 
investigated by many researchers (E. P Popove,  L. Kachanov, G. Z. Voyiadjis, Jean 
Lemaître, Pijaudier-Cabot, Jean-Louis Chaboche, Milan Jirasek, and Peter Grassl, 
Lubliner, and, Lee and Fenves). Damage quantity can be taken as a scalar quantity in 
which the damage is assumed isotropic or it can be also vector and tensor quantities. For 
concrete, the damage is well known to be anisotropic. One clear fact about concrete is that 
damage in tension is different than that in compression. So taking the case of isotropic 
damage and applied it to concrete will not give accurate results. When considering the 
simplest damage approach, concrete can be modeled with at least two isotropic damage 
parameters. One is compression damage parameter and the other is tension damage 
parameter. This assumption have been studied by Lubliner and further developed by Lee 
and Fenves at university of California Berkeley. In his model, Lubliner suggested that 
concrete can be modeled in the frame work of damage machines using two damage 
parameters namely compression damage (݀௖) and tension damage (݀௧). This means that 
the compression as well as tension damage parameter is considered to be isotropic 
quantities. The damage parameters controls the evolution of yield surface and also controls 
the degradation of the stiffness of the material. The damage parameters themself are 
functions of plastic strain rat. This model has been incorporated in ABAQUS finite 
element software. This incorporated model results in successful and sophisticated 
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approach to simulate concrete and granular material under general loading conditions 
including cyclic loading.  
In this study, the walls were modeled in an ABAQUS environment, using a plastic-damage 
model. As mentioned before, this model has been originally developed by Lubliner et al. 
1989 and further extended by Lee and Fenves 1998. The wall blocks and the lime mortar, 
are modeled as elasto-plastic with scalar damage paramtes (tenstin damage and 
compression damage) using yield surfaces that are generalization of the Drucker-Prager 
model. In this model, new terms are included that account for hardening and softening in 
compression and softening in tension, with parameters calibrated to the experimentally 
measured stress-plastic strain data from uniaxial compressive and tensile tests for both the 
blocks and the mortar. Scalar form of damage is built into the model to account for stiffness 
degradation.  
In general, masonry walls subjected to in plane loading case faille in any one of five failure 
modes. Those modes are: (i) sliding, (ii) rocking, (iii) staggered head/bed joint failure, (iv) 
cracks through wall blocks, and (v) crushing of wall blocks or bricks. Investigated those 
mode of failure was not fully addressed and studied be research community neither 
experimentally nor numerically. Moreover, the interaction between lateral and axial 
loading have not been investigated experimentally at all. Some attempts were made to 
relate the uniaxial force to lateral force using mechanistic approach as framework of 
analysis. On goal of this study is to address this issue numerically in which FEM analysis 
have been conducted to walls taking the full range of axial force starting with zero axial 
force up to full axial capacity of the wall. Some of the numerical results for the interactive 
collapse mechanism are compared to available experimental data. It has been noted that 
48 
 
the relation between axial and lateral forces followed a parabolic curve type. A proposed 
interaction curve have been suggested in this study as a result of full FEM simulation. To 
generalize the observation found in this study, FEM analysis have been also done to walls 
tested by other researchers. Comparison and analysis have been done to data resulted from 
all FEM simulation. Interesting and universal relationship have been resulted from all 
simulations. In the following section, a review and introduction to mechanistic models are 
presented. 
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3.2 Mechanistic Analysis. 
As mentioned before, masonry walls subjected to in-plane loading exhibit different 
mechanistic response based on the intensity of axial loading applied and wall aspect ratio. 
Failure patterns and load deformation response of the walls are also highly influenced by 
the axial pre-compression and material properties (Senthivel, R., Lourenço P. B 2009, 
ACI Committee 440 (2002).). The different modes of failure (as a function of axial load) 
include (i) sliding, (ii) rocking, (iii) staggered head/bed joint failure, (iv) cracks through 
wall blocks, and (v) crushing of wall blocks or bricks (Filiatrault, A 2001, Demir, C 
(2012), Li, T (2005), Vasconcelos, G. F (2005), Kiarash, M. D  (2012), Haider. W  
(2007), Senthivel, R., Lourenço P. B ( 2009), Yi, T  (2004), Basoenondo, E. A  (2004), 
Haach, V. G  (2009), Voon, K. C  (2007), Al-Gohi, B.  (2010), ACI Committee 440 
(2002)). Several attempts have been conducted toward understanding and predicting the 
behavior of masonry walls using mechanistic framework of analysis. Each failure mode is 
characterized by different failure pattern, sequences, and gives different levels of lateral 
resistance. These modes of failures can be summarized as follows: 
3.2.1 Sliding Failure 
For walls subject to low levels of axial compression loading and/or having a low friction 
coefficient μ due to poor mortar, horizontal cracks in bed joints may form a sliding plane 
extending along the bed joints through the length of the wall.  This results in the upper part 
of the wall sliding relative to the lower part (Fig. 3.2). As in ACI Guidelines (ACI 
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Committee 440 (2002). ),  Li et al (2005) propose that, the shear strength of the reinforced 
wall can be expressed as 
௡ܸ ൌ ௠ܸ ൅ ௥ܸ      (3.5) 
where ௠ܸ and ௙ܸ are the shear resistance of the masonry and the contribution of any 
provided reinforcement to the shear strength of the wall. For in-plane loading of URM, 
failure is usually due to debonding at the mortar-block interface and shear sliding along 
the bed joints with cracks developing in a stepped manner.  Using a Mohr-Coulomb failure 
criterion, the shear strength can be modeled as 
߬ ൌ ߬଴ ൅ ߤߪ௡      (3.6) 
where ߬଴ is the shear bond strength, ߤ is the coefficient of internal friction, and ߪ௡ is the 
normal compressive stress on the wall. Paulay and Priestley (1992) recommend 
approximating the cohesion ߬଴ by 3% of the masonry gross area compressive strength ௠݂ᇱ  
and internal friction ߤ in the range of 0.3 to 1.2. With the walls tested by Li et al (2005) 
being subjected to diagonal compression, the shear capacity for sliding shear along the 
wall bed joints can be shown to be 
௠ܸ,ଵ ൌ ߬ ൈ ܣ௡ ൌ ܣ௡ሺ߬଴ ൅ ߤߪ௡ሻ    (3.7) 
Where: 
ܣ௡ is the sliding shear area. 
߬଴ is the shear bond strength. 
ߤ is the coefficient of internal friction. 
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ߪ௡ is the normal stress. 
The lateral resistance of the wall ( ௠ܸ,ଵ) is generally low in this mode of failure. 
 
Figure  3.2 Sliding failure mode 
Crisafulli et al, (1995) have suggested a more realistic distribution of normal and shear 
stresses acting on a block. Assuming that the variation of the normal stresses is linear with 
a zero value at the center of the block and maximum at the edges and that failure occurs in 
the joints for low levels of axial stress, it results that 
௠ܸ,ଶ ൌ ߬ ൈ ܣ௡ ൌ ܣ௡ሺ߬଴∗ ൅ ߤ∗ߪ௡ሻ    (3.8) 
Where: 
߬଴∗ ൌ ߬଴1 ൅ 1.5ߤ	ܾ/݀,				ߤ
∗ ൌ ߤ1 ൅ 1.5ߤ	ܾ/݀ 
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݀ is the block length. 
ܾ is the block depth. 
 
3.2.2 Rocking and Toe Crushing Failure. 
Walls with a higher axial loading and stronger mortar type may be set into a rocking 
motion. Due to the mechanism of this type of response, toe of the wall is generally 
subjected to high compression force because the entire force is transferred to the base 
through the toe contact area. This generally results into a local crushing at the toe of the 
wall, followed by general collapse of the wall.  (Fig. 3.3).  
 
Figure  3.3 Rocking and Toe Crushing Failure mode 
w 
h 
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3.2.3 Staggered Head/Bed Joint Failure 
This mode of failure is generally accompanied with higher axial force on the walls. In this 
case, the wall is not able to slide along a bed joint nor to rotate due to the high confinement. 
This results in redistribution of the force within the wall and the energy is dissipated trough 
staggered cracking of the head and bed joints of the wall. The lateral resistance of the wall 
is this case is higher than the previous modes. This type of failure is very common in dry 
contact masonry walls or walls with weak mortar relative to bricks (Fig 3.4). 
 
 
Figure  3.4 Staggered head/bed joint failure mode 
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3.2.4 Cracks Through Wall Blocks 
In this failure mode, the degree of confinement is higher than in the previous modes. This 
prevents the wall from sliding in a staggered pattern. In this failure mode, the combination 
of axial and lateral forces results in an initiation of the cracks through the wall bricks due 
to principal diagonal tensile stress exceeding the tensile strength of the brick (Fig 3.5). 
 
Figure  3.5 Cracks through Wall Blocks 
Assuming that this failure occurs when the maximum tensile stress becomes equal to the 
tensile strength of the masonry, ௧݂௕ᇱ , it may be shown that the lateral shear required to 
induce the tensile crack in the masonry block may be found from Eq. (3.9), Li et al (2005), 
Paulay et al (1992) 
௠ܸ,ଷ ൌ 	௙೟
ᇲ್
ଶ.ଷ ට1 ൅
ఙ೙
௙೟ᇲ್
ൈ ܣ௡      (3.9) 
Where: 
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ߪ௡ is the axial pre-compression, taken positive in Eq 3.9 
Generally, the level of axial force is around 40-60% of wall axial capacity. The lateral 
resistance of the wall in this case is the highest of all the failure modes. 
 
3.2.5 Crushing of Wall Blocks or Bricks. 
In this failure mode, wall is subjected to extremely high axial force. Major damage to the 
wall results due to the high axial force (before the application of lateral force) in terms of 
high compression induced cracks in the wall bricks. The level of axial force in this case is 
generally 70-90 % of the wall axial capacity. In this case, the wall is weak in lateral 
resistance and the level of lateral resistance is low compared to the case when the axial 
force is less (Fig 3.6). 
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Figure  3.6 Crushing of Wall Blocks or Bricks 
For this case, according to Li et al (2005), when the compressive stress approaches the 
wall axial capacity, the shear force to cause failure may be found from Eq. 3.10. 
௠ܸ,ସ ൌ ሺ ௠݂ᇱ െ ߪ௡ሻ 	ଶௗଷ௕ ܣ௡        (3.10) 
Where: 
௠݂ᇱ  is the compressive strength of the masonry wall. 
݀ is the block length. 
ܾ is the block depth. 
 
Li et al (2005) have plotted the transverse lateral capacity based on Eqs. 3.7, 3.9, and 3.10 
and the results are shown in Fig. 3.7. 
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Figure  3.7 Shear-axial Interaction Diagram for URM Walls (Li et al) 
 
Fig. 3.7 shows that, the lateral strength of walls increases with increase in the level of axial 
stress applied to the wall up to a certain limit, after which the lateral strength of the wall 
sharply reduces. As shown in Fig. 3.7, the curve is composed of three line segments with 
clear and sharp boundaries between the segments. 
This behavior have also been suggested by Mann and Müller (1982) due to a set of 
remarkable experiments carried out on shear-walls (see Fig. 3.8). 
Lateral Load  
Capacity (Vm ) 
Axial 
Stress (σm ) 
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Figure  3.8  Shear-axial Interaction Diagram for URM Walls (Mann and Müller). 
Form the above-mentioned observations it can be seen that, the lateral strength of the wall 
is directly proportion to the axial load up to approximate 50-70% of the axial load capacity 
of the wall. This followed by inversely proportion in relation between lateral strength and 
axial load. It has to be mentioned in this regard that the proposed relationship is composed 
of three segmental lines with clear and sharp boundaries. In reality, the transition between 
these three segments should be rather smooth and continues. Based on this, a propionic 
relationship would be much more appropriate to capture the relationship between axial 
loading and lateral strength of the wall. 
This relation between axial load and lateral strength of the wall has not been studied in the 
frames work of the FEM. One of the objectives of this study is to explore the behavior of 
masonry wall when level of axial load is high compare to axial capacities of the walls. A 
newly proposed formula will be presented in this study, which relate the lateral strength to 
level of axial load excreted on the wall. 
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As mentioned before, continuum based approach using Concrete Plastic Damage Model 
was adopted in this study where both masonry bricks and lime mortar were modeled as 
continuum material. Review of the Concrete Plastic Damage Model is presented in next 
section. 
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3.3 Review of Plastic Damage Model 
This section essentially follows the development given in the ABAQUS 6.12 Manual work. 
Some new comments and details given to better understand the elasto-plastic damage model 
of Lubliner et al (1989) and Lee & Fenves (1998). Concrete Damage Plasticity (CDP) is 
one of the possible constitutive models that can efficiently and accurately describe the 
behavior of granular type materials under different conditions of loading.  Several 
laboratory tests are necessary to identify the CDP model. Those tests have been introduced 
by Kachanov (1986) and further developed by Rabotnov (1969) and others. The elastic-
plastic response of the concrete damaged plasticity model is described in terms of the 
effective stress ߪത and the hardening variable ߝ̃௣௟ with scalar isotropic damage. 
ߪത ൌ ܦ଴௘௟: ሺߝ െ ߝ௣௟ሻ ∈ ሼߪത|ܨሺߪത, ߝ̃௣௟ሻ ൑ 0ሽ		       (3.11) 
ߝ̃ሶ௣௟ ൌ ݄ሺߪത, ߝ̃௣௟ሻ. ߝሶመ௣௟      (3.12) 
ߝሶ௣௟ ൌ ߣሶ డீሺఙഥሻడఙഥ        (3.13) 
Where: 
ߣሶ	and ܨ obey the Kuhn-Tucker conditions: ߣሶܨ ൌ 0;	ߣሶ ൒ 0; ܨ ൑ 0. The Cauchy stress is 
calculated in terms of the stiffness degradation variable, ݀ ൌ ݀ሺߪത, ߝ̃௣௟ሻ, and the effective 
stress as: 
ߪ ൌ ሺ1 െ ݀ሻߪത      (3.14) 
The constitute relations for the elastic-plastic response, Eq. 3.11-3.13 , are decoupled from 
the stiffness degradation response, Eq. 3.14, which makes the model attractive for an 
effective numerical implementing. 
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In general, the CDP mode consists of following fundamental concepts: (i) strain rate 
decomposition, (ii) stress strain relation, (iii) stiffness degradation and hardening rule, (iv) 
yield function, and (v) flow rule. 
 
3.3.1 Strain Rate Decomposition 
An additive strain rate decomposition is assumed for the rate-independent model:  
ߝሶ ൌ ߝሶ௘௟ ൅ ߝሶ௣௟      (3.15) 
where ߝሶ is the total strain rate, ߝሶ௘௟is the elastic part of the strain rate, and ߝሶ௣௟	is the plastic 
part of the strain rate.  
 
3.3.2 Stress Strain Relation 
The stress-strain relations are governed by scalar damaged elasticity: 
ߪ ൌ ሺ1 െ ݀ሻܦ଴௘௟: ሺߝ െ ߝ௣௟ሻ ൌ ܦ௘௟: ሺߝ െ ߝ௣௟ሻ    (3.16) 
ܦ௘௟ ൌ ܦ଴௘௟ሺ1 െ ݀ሻ      (3.17) 
Where: 
 ߪ is Cauchy stress tensor 
 d is the scalar stiffness degradation variable, which can take values in the range from zero 
(undamaged material) to one (fully damaged material). 
ߝ  is the strain tensor,  
ߝ௣௟ is the plastic strain tensor,  
ܦ଴௘௟  the initial (undamaged) elastic stiffness of the material, 
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ܦ௘௟ is the degraded elastic stiffness tensor.  
 
The effective stress tensor is defined as: 
ߪത ൌ ܦ଴௘௟: ሺߝ െ ߝ௣௟ሻ      (3.18) 
 In the formulation, it is necessary to propose the evolution of the scalar degradation 
variable to be a function of effective stress and effective plastic strain. 
݀ ൌ ݀ሺߪത, ߝ̃௣௟ሻ       (3.19) 
In CDP model, the stiffness degradation is initially isotropic and defined by degradation 
variable dc in a compression zone and variable dt in tension zone. 
Thus, the Cauchy stress tensor ߪ is related to the effective stress tensor ߪത through the scalar 
degradation parameter (1- d): 
ߪ ൌ ሺ1 െ ݀ሻߪത      (3.20) 
3.3.3 Stiffness Degradation and Hardening Rule. 
Damage states in tension and compression are characterized independently by two 
hardening variables, ߝ௖̃௣௟, and ߝ௧̃௣௟, which are referred to equivalent plastic strains in tension 
and compression, respectively. 
The evolution equations of the hardening variables ߝ௧̃௣௟and ߝ௖̃௣௟are conveniently formulated 
by considering uniaxial loading conditions first and then extended to multiaxial conditions.  
3.3.4 Uniaxial Conditions 
It is assumed that the uniaxial stress-strain curves can be converted into stress versus 
plastic strain curves of the form: 
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ߪ௧ ൌ ߪ௧൫ߝ௧̃௣௟, ߝ̃ሶ௧௣௟, . . ൯       (3.21) 
ߪ௖ ൌ ߪ௖൫ߝ௖̃௣௟, ߝ̃ሶ௖௣௟, . . ൯     (3.22) 
where the subscripts t and c refer to tension and compression, respectively; ߝ̃ሶ௧௣௟and ߝ̃ሶ௖௣௟are 
the equivalent plastic strain rates, ߝ௧̃௣௟ ൌ ׬ ߝ̃ሶ௧௣௟݀ݐ௧଴  and ߝ௖̃௣௟ ൌ ׬ ߝ̃ሶ௖௣௟݀ݐ
௧
଴  are the equivalent 
plastic strains. Under uniaxial loading conditions, the effective plastic strain rates are 
given as: 
ߝ̃ሶ௧௣௟ ൌ ߝ̃ሶଵଵ௣௟     (3.23) 
ߝ̃ሶ௖௣௟ ൌ െߝ̃ሶଵଵ௣௟     (3.24) 
When the concrete specimen is unloaded from any point on the strain softening branch of 
the stress-strain curves, the unloading response is observed to be weakened: the elastic 
stiffness of the material appears to be damaged (or degraded). The degradation of the 
elastic stiffness is significantly different between tension and compression tests; in either 
case, the effect is more pronounced as the plastic strain increases. The degraded response 
of concrete is characterized by two independent uniaxial damage variables,	݀௧ and ,	݀௖ 
which are assumed to be functions of the plastic strains: 
݀௧ ൌ ݀௧൫ߝ௧̃௣௟, . . ൯      (3.25) 
݀௖ ൌ ݀௖൫ߝ௖̃௣௟, . . ൯     (3.26) 
The evaluation of the damage parameter have been studied extensively and it can take 
several forms. The most used model for describing the variation of the damage parameter 
݀ is based on the pastic energy dissipated during loading in which ݀ will be the ratio 
between plastic energy dispiated up to certain plastic strain and the total plastic energy. 
This can be descripted as shown in Eq 3.27. 
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݀௧ ൌ ׬ ௗ೟ቀఌ෤೟
೛೗ቁഄ෤೟
೛೗
బ
׬ ௗ೟ቀఌ෤೟೛೗ቁ
ഄ෤೟೑
೛೗
బ
     (3.27) 
Eq. 3.27 can be interpreted as shown in Fig. 3.9. 
 
Figure  3.9 Variation of Tension Damage Parameter ݀௧ 
The shaded area in the right side of Fig 3.9 represent the level of damage in the stress-
plastic strain space. The percentage of this area with respect the total area is the amount of 
scalar damage at the continuum point. 
Similarly, the compression damage can be calculated as shown in Eq 3.28 
݀௖ ൌ ׬ ௗ೎ቀఌ෤೎
೛೗ቁഄ෤೎
೛೗
బ
׬ ௗ೎ቀఌ෤೎೛೗ቁ
ഄ෤೎೑
೛೗
బ
     (3.28) 
The graphical interpretation of Eq 3.28 is shown in Fig 3.10. 
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Figure  3.10 Variation of Compression Damage Parameter ݀௖ 
  
The uniaxial degradation variables are increasing functions of the equivalent plastic 
strains. They can take values ranging from zero, for the undamaged material, to one, for 
the fully damaged material as shown in Fig. 3.11. 
 
 
 
Figure  3.11 Variation Damage Parameter ݀ with Respect to Effective Plastic Strain ߝ̃௣௟ 
66 
 
 
If ܧ଴	is the initial (undamaged) elastic stiffness of the material, the stress-strain relations 
under uniaxial tension and compression loading are, respectively: 
ߪ௧ ൌ ሺ1 െ ݀௧ሻܧ଴൫ߝ௧ െ ߝ௧̃௣௟൯     (3.29) 
ߪ௖ ൌ ሺ1 െ ݀௖ሻܧ଴൫ߝ௖ െ ߝ௖̃௣௟൯     (3.30) 
The effective uniaxial cohesion stresses, ߪത௧ and,	ߪത௖ are 
given as 
ߪത௧ ൌ ఙ೟ሺଵିௗ೟ሻ ൌ ܧ଴൫ߝ௧ െ ߝ௧̃
௣௟൯     (3.31) 
ߪത௖ ൌ ఙ೟ሺଵିௗ೎ሻ ൌ ܧ଴൫ߝ௖ െ ߝ௖̃
௣௟൯     (3.32) 
The effective uniaxial cohesion stresses determine the size of the yield (or failure) surface. 
3.3.5 Multiaxial Conditions 
The evolution equations for the hardening variables must be extended for the general 
multiaxial conditions. Based on Lee and Fenves (1998) it is assumed that the equivalent 
plastic strain rates are evaluated according to the expressions: 
ߝ෤ሶ ௧௣௟ ൌ ݎሺߪഥ෡ሻߝ෤ሶ௠௔௫௣௟      (3.33) 
ߝ෤ሶ ௖௣௟ ൌ െሺ1 െ ݎሺߪഥ෡ሻሻߝ෤ሶ௠௜௡௣௟      (3.34) 
 
where ߝ෤ሶ௠௔௫௣௟  and ߝ෤ሶ௠௜௡௣௟  are, respectively, the maximum and minimum eigenvalues of the 
plastic strain rate tensor ߝ̃ሶ௣௟ and  
ݎሺߪഥ෡ሻ ൌ ∑ 〈ߪഥ෡݅〉3݅ൌ1∑ หߪഥ෡݅ห3݅ൌ1 	,					0 ൑ ݎሺߪഥ෡ሻ ൑ 1    (3.35) 
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is a stress weight factor that is equal to one if all principal stresses ߪത෠௜, ሺ݅ ൌ 1, 2, 3ሻ	are 
positive and equal to zero if they are negative. In uniaxial loading conditions, Eqs 3.33 and 
3.34 reduce to the uniaxial definitions Eqs 3.23 and 3.24, since ߝ෤ሶ௠௔௫௣௟ ൌ ߝ෤ሶଵଵ௣௟  in tension, and 
ߝ෤ሶ௠௜௡௣௟ ൌ ߝ෤ሶଵଵ௣௟  in compression. 
If the eigenvalues of the plastic strain rate tensor (ߝሶመ௜, ݅ ൌ 1,2,3 ) are ordered such that 
ߝ෤ሶ௠௔௫௣௟ ൌ ߝሶ෠1 ൒ ߝሶ෠2 ൒ ߝሶ෠3 ൌ ߝ෤ሶ௠௜௡௣௟ 	, the evolution equation for general multiaxial stress 
conditions can be expressed in the following matrix form: 
ߝ̃ሶ௣௟ ൌ ቈߝ̃ሶ௧
௣௟
ߝ̃ሶ௖௣௟
቉ ൌ ݄ሺߪത෠, ߝ̃௣௟ሻ. ߝሶመ௣௟	     (3.36) 
where 
݄൫ߪഥ෡, ߝ෤݌݈൯ ൌ ቈݎሺߪഥ෡ሻ 0 00 0 ሺݎሺߪഥ෡ሻ െ 1ሻ቉    (3.37) 
and 
ߝሶመ௣௟ ൌ ൦
ߝሶመଵ௣௟
ߝሶመଶ௣௟
ߝሶመଷ௣௟
൪      (3.38) 
ߝ̃ሶ௣௟ ൌ ቈߝ̃ሶ௧
௣௟
ߝ̃ሶ௖௣௟
቉ ൌ ቈݎሺߪത෠ሻ 0 00 0 ሺݎሺߪത෠ሻ െ 1ሻ቉ . ൦
ߝሶመଵ௣௟
ߝሶመଶ௣௟
ߝሶመଷ௣௟
൪ ൌ 	 ቈ ݎሺߪത෠ሻߝሶመଵ
௣௟
ሺݎሺߪത෠ሻ െ 1ሻ	ߝሶመଷ௣௟
቉  (3.39) 
Elastic stiffness degradation 
The plastic-damage concrete model assumes that the elastic stiffness degradation is isotropic 
and characterized by a single scalar variable, d: 
ܦ௘௟ ൌ ሺ1 െ ݀ሻܦ଴௘௟; 		0 ൑ ݀ ൑ 1    (3.40) 
The definition of the scalar degradation variable d must be consistent with the uniaxial 
monotonic responses (݀௧,	 and ݀௖,), and it should also capture the complexity associated with 
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the degradation mechanisms under cyclic loading. For the general multiaxial stress conditions, 
ABAQUS assumes that: 
ሺ1 െ ݀ሻ ൌ ሺ1 െ ݏ௧݀௖ሻሺ1 െ ݏ௖݀௧ሻ,					0 ൑ ݏ௧, ݏ௖ ൑ 1   (3.41) 
similar to the uniaxial cyclic case, only that ݏ௧	and ݏ௖	are now given in terms of the function 
ݎሺߪഥ෡ሻ as 
ݏ௧ ൌ 1 െ ݓ௧ݎሺߪത෠ሻ; 	0 ൑ ݓ௧ ൑ 1    (3.42) 
ݏ௖ ൌ 1 െ ݓ௖ሺ1 െ ݎሺߪത෠ሻሻ; 	0 ൑ ݓ௖ ൑ 1    (3.43) 
 
 It can be easily verified that Eq. 3.41 for the scalar degradation variable is consistent with the 
uniaxial response. 
The experimental observation in most quasi-brittle materials, including concrete, is that the 
compressive stiffness is recovered upon crack closure as the load changes from tension to 
compression. On the other hand, the tensile stiffness is not recovered as the load changes from 
compression to tension once crushing micro-cracks have developed. This behavior, which 
corresponds to ݓ௧ ൌ 0 and ݓ௖ ൌ 1, is the default used by ABAQUS. Based on that, the 
damage parameter will be as follows: 
ݏ௧ ൌ 1.0     (3.44) 
ݏ௖ ൌ 1 െ ൫1 െ ݎሺߪത෠ሻ൯ ൌ ݎሺߪത෠ሻ    (3.45) 
ሺ1 െ ݀ሻ ൌ ሺ1 െ ݀௖ሻሺ1 െ ݎሺߪത෠ሻ݀௧ሻ,					0 ൑ ݏ௧, ݏ௖ ൑ 1  (3.46) 
Fig 3.12 illustrates the variation of the global damage parameter ݀  in the case of uniaxial cyclic 
loading assuming the default behavior. 
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Figure  3.12 Variation of the global damage parameter ݀ with respect to variation of cycles 
from tension to compression 
The variation of the stress with respect to time and cycles is shown in Fig. 3.13 
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Figure  3.13 Uniaxial load cycle (tension-compression-tension) assuming default values of the 
stiffness recovery factors. 
 
Cracking (tension) and crushing (compression) in concrete are represented by increasing 
values of the hardening (softening) variables. These variables control the evolution of the 
yield surface and the degradation of the elastic stiffness. 
3.3.6 Yield Function 
The yield function ܨሺߪത, ߝ̃௣௟ሻ represents a surface in effective stress space, which 
determines the states of failure or damage. For the inviscid plastic-damage model the yield 
function can be expressed as: 
ܨሺߪത, ߝ̃௣௟ሻ ൑ 0     (3.47) 
1 െ ݀ ൌ ሺ1 െ ݀௧ሻሺ1 െ ݀௖ሻ 
1 െ ݀ ൌ ሺ1 െ ݀௖ሻ 
ࢊ࢚,૚ ൐ ૙,		 ࢊࢉ,૚ ൌ ૙
૚ െ ࢊ ൌ ሺ૚ െ ࢊ࢚,૚ሻ 
݀௖,ଶ ൌ 0 
݀ ൌ 0 
݀௖,ଷ ൐ 0 
1 െ ݀ ൌ 1 െ ݀௖,ଷ 
ࢊ࢚,૚ ൐ ૙, ࢊࢉ,૜ ൐ ૙
૚ െ ࢊ ൌ ሺ૚ െ ࢊ࢚,૚ሻሺ૚ െ ࢊࢉ,૜ሻ 
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The plastic-damage concrete model uses a yield condition based on the yield function 
originally proposed by Lubliner et al. (1989) and incorporates the modifications proposed 
subsequently by Lee and Fenves (1998) to account for different evolution of strength under 
tension and compression. In terms of effective stresses the yield function takes the form 
(the classical two-parameters Drucker-Prager model is a special case of Eq. 3.48) 
ܨሺߪത, ߝ̃௣௟ሻ ൌ ଵଵିఈ ሺݍത െ 3ߙ݌̅ ൅ ߚሺߝ̃௣௟ሻ〈ߪത෠௠௔௫〉 െ ߛ〈െߪത෠௠௔௫〉ሻ െ ߪത௖൫ߝ௖̃
௣௟൯ ൑ 0 (3.48) 
Where: 
ߙ, ߛ are dimensionless material constants; 
݌̅ is the effective hydrostatic pressure; 
݌̅ ൌ െ ଵଷ ߪത௜௜ ൌ െ
ଵ
ଷ ܫଵ̅     (3.49) 
ݍത is the Mises equivalent effective stress; 
ݍത ൌ ටଷଶ ̅ݏ௜௝ݏ௜௝ ൌ ඥ3	ܬଶ̅    (3.50) 
̅ݏ௜௝ is the deviatoric component of effective stress ߪത 
ߪത෠௠௔௫ is the algebraically maximum eigenvalue of ߪത.  
The function ߚሺߝ̃௣௟ሻ	is given as 
ߚሺߝ̃௣௟ሻ ൌ ఙഥ೎ቀఌ෤೎
೛೗ቁ
ఙഥ೟ቀఌ෤೎೛೗ቁ
ሺ1 െ ߙሻ െ ሺ1 ൅ ߙሻ    (3.51) 
ߪത௖, ߪത௧	 are the effective tensile and compressive cohesion stress, respectively, and obtained 
from 1-D tests in uniaxial compression and uniaxial tension (stress-plastic strain data), and 
expressed as: 
ߪത௖൫ߝ௖̃௣௟൯ ൌ ఙ೎ሺଵିௗ೎ሻ ൌ ܧ଴ሺߝ௖ െ ߝ௖̃
௣௟ሻ    (3.52) 
ߪത௧൫ߝ௧̃௣௟൯ ൌ ఙ೟ሺଵିௗ೟ሻ ൌ ܧ଴ሺߝ௧ െ ߝ௧̃
௣௟ሻ    (3.53) 
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The ߚሺߝ̃௣௟ሻ parameter controls the size of the yield surface in regions where ߪത෠௠௔௫ ൒ 0 
whereas ߛ controls the shape of the trace of yield surface in the deviatoric plane for stress 
states of biaxial and triaxial compression ߪത෠௠௔௫ ൑ 0 
 
In biaxial compression, with ߪത෠௠௔௫ ൌ 0, Eq. 3.48 reduces to the well-known Drucker-
Prager yield condition. The coefficient ߙ can be determined by direct application of yield 
criteria as given by Eq. 3.48 for equal biaxial compression and for uniaxial compression 
(for both cases,	ߪത෠௠௔௫ ൌ 0) and solving for ߙ, one obtains:  
ߙ ൌ ሺఙ್బ/ఙ೎బሻିଵଶሺఙ್బ/ఙ೎బሻିଵ     (3.54) 
where: 
ߪ௖଴ is the uniaxial compression strength of concrete. 
ߪ௕଴ is the biaxial compression strength of concrete. 
 
Typical experimental values of the ratio ߪ௕଴/ߪ௖଴for concrete are in the range from 1.10 to 
1.16, yielding values of ߙ  between 0.08 and 0.12 (Lubliner et al, (1989)). 
 
The coefficient ߛ enters the yield function only for stress states of triaxial compression, 
when ߪത෠௠௔௫ ൑ 0. This coefficient can be determined by comparing the yield conditions 
along the tensile and compressive meridians. By definition, the tensile meridian (TM) is 
the locus of stress states satisfying the condition ߪത෠௠௔௫ ൌ ߪത෠ଵ ൒ ߪത෠ଶ ൌ ߪത෠ଷ, and the 
compressive meridian (CM) is the locus of stress states such that ߪത෠௠௔௫ ൌ ߪത෠ଵ ൌ ߪത෠ଶ ൒ ߪത෠ଷ , 
where ,	ߪത෠ଵ, ߪത෠ଶ , and ߪത෠ଷ	are the eigenvalues of the effective stress tensor. 
One may show in general: 
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̅ݏଵ ൌ ଶ√ଷඥܬଶ̅ܿ݋ݏ	ߠ     (3.55) 
̅ݏଶ ൌ ଶ√ଷඥܬଶ̅ܿ݋ݏ	 ቀ
ଶగ
ଷ െ ߠቁ     (3.56) 
̅ݏଷ ൌ ଶ√ଷඥܬଶ̅ܿ݋ݏ	 ቀ
ଶగ
ଷ ൅ ߠቁ     (3.57) 
Where ̅ݏ௜	are the principal values of the effective deviatoric stress tensor ̅ݏ௜௝, and ߠ is the 
angle of similarity measured from the projection of ߪതଵ	in the deviatoric plane. For the 
tensile meridian, ൌ 0௢ , whereas for the compression meridian, ߠ ൌ 60௢. 
Substituting the appropriate values of ߠ in expressions for ̅ݏ௜ and expressing ߪതଵ in terms of 
̅ݏଵ 
ሺߪത෠௠௔௫ሻ்ெ ൌ ߪതଵ ൌ ̅ݏଵ െ ݌̅ ൌ ଶ√ଷඥܬଶ̅ െ ݌̅ ൌ
ଶ௤ത
ଷ െ ݌̅   (3.58) 
ሺߪത෠௠௔௫ሻ஼ெ ൌ ߪതଵ ൌ ̅ݏଵ െ ݌̅ ൌ ଵ√ଷඥܬଶ̅ െ ݌̅ ൌ
௤ത
ଷ െ ݌̅   (3.59) 
 
With ߪത෠௠௔௫ ൏ 0, the corresponding yield conditions are: 
ቀଶଷ ߛ ൅ 1ቁ ݍത െ ሺߛ ൅ 3ߙሻ݌̅ ൌ ሺ1 െ ߙሻߪത௖				ሺܶܯሻ   (3.60) 
ቀଵଷ ߛ ൅ 1ቁ ݍത െ ሺߛ ൅ 3ߙሻ݌̅ ൌ ሺ1 െ ߙሻߪത௖				ሺܥܯሻ   (3.61) 
Let ܭ௖ ൌ ݍതሺ்ெሻ/ݍതሺ஼ெሻ for any given value of the hydrostatic pressure ݌̅ with  ߪത෠௠௔௫ ൏ 0; 
then: 
ܭ௖ ൌ ఊାଷଶఊାଷ      (3.62) 
The fact that ܭ௖ is constant does not seem to be contradicted by experimental evidence 
(Lubliner et al (1989)). The coefficient ߛ  is, therefore, evaluated as 
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ߛ ൌ ଷሺଵି௄೎ሻଶ௄೎ିଵ       (3.63) 
It was suggested by Lubliner (1989) that, the value of ܭ௖ ranging from 0.66 to 0.8. 
If  ߪത෠௠௔௫ ൐ 0, the yield conditions along the tensile and compressive meridians reduce to: 
ቀଶଷߚ ൅ 1ቁ ݍത െ ሺߚ ൅ 3ߙሻ݌̅ ൌ ሺ1 െ ߙሻߪത௖				ሺܶܯሻ   (3.64) 
ቀଵଷߚ ൅ 1ቁ ݍത െ ሺߚ ൅ 3ߙሻ݌̅ ൌ ሺ1 െ ߙሻߪത௖				ሺܥܯሻ   (3.65) 
Let ܭ௧ ൌ ݍതሺ்ெሻ/ݍതሺ஼ெሻ for any given value of the hydrostatic pressure ݌̅ with  ߪത෠௠௔௫ ൐ 0; 
then: 
ܭ௧ ൌ ఉାଷଶఉାଷ      (3.66) 
When the value of ߚሺߝ̃௣௟ሻ and ߛ are set to zero, then the well know Drucker-Prager surface 
rustles as shown in Figs 3.14 and 3.15. 
 
ܨሺߪത, ߝ̃௣௟ሻ ൌ ଵଵିఈ ሺݍത െ 3ߙ݌̅ ൅ ߚሺߝ̃௣௟ሻ〈ߪത෠௠௔௫〉 െ ߛ〈െߪത෠௠௔௫〉ሻ െ ߪത௖൫ߝ௖̃
௣௟൯ ൑ 0      (3.67) 
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Figure  3.14 Drucker-Prager surface (Eq 3.67) 
 
Figure  3.15 Drucker-Prager surface (Eq 3.67) 
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The Drucker-Prager surface is well known to have a circular shape in the deviatoric plane 
as show in Fig. 3.16  
 
 
Figure  3.16 View of Drucker-Prager surface (Eq 3.67) in the deviatoric plane 
When the ߚሺߝ̃௣௟ሻ and ߛ parameters are effective (not equal to zero) the 3D surface of the 
yield function presented in Eq 3.67 is shown in Fig. 3.17 and 3.18. 
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Figure  3.17 3D surface view of the yield function presented in Eq 3.48 
 
Figure  3.18 3D surface view of the yield function presented in Eq 3.48 
In the deviatoric plane, the surface is close to triangular shape as shown in Fig. 3.19. 
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Figure  3.19 View in the deviatoric plane of the yield function  presented in Eq 3.48 
 
Typical yield surfaces are shown in Fig 3.20 in the deviatoric plane for ߪത෠௠௔௫ ൑ 0	and in 
Fig 3.21 for plane-stress conditions. Eq. 3.66, when plotted, would trace locus of yield 
surface in deviatoric plane for ߪത෠௠௔௫ ൐ 0. 
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Figure  3.20 Yield surfaces in the deviatoric plane, corresponding to different values of ܭ௖ 
 
 
Figure  3.21 Yield surface in plane stress. 
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3.3.7 Flow Rule 
Plastic flow is governed by a flow potential function ܩሺߪതሻ according to nonassociative 
flow rule: 
ߝሶ௣௟ ൌ ߣሶ డீሺఙഥሻడఙഥ       (3.68) 
where ߣሶ	is the nonnegative plastic multiplier. The plastic potential is defined in the 
effective stress space. The model uses nonassociated plasticity, therefore requiring the 
solution of nonsymmetric equations. The fundamental group of the constitutive parameters 
consists of four values, which identify the shape of the flow potential surface and the yield 
surface. In this model for the flow potential G, the Drucker-Prager hyperbolic function is 
accepted in the form: 
ܩ ൌ ඥሺ߳ߪ௧଴ tan߰ሻଶ ൅ ݍതଶ െ ݌̅ tan߰    (3.69) 
where ߰  is the dilation angle measured in the p–q plane at high confining pressure; ߪ௧଴	is 
the uniaxial tensile stress at failure; and ߳ is a parameter, referred to as the eccentricity, 
that defines the rate at which the function approaches the asymptote (the flow potential 
tends to a straight line as the eccentricity tends to zero).This flow potential, which is 
continuous and smooth, ensures that the flow direction is defined uniquely.  
Graphical representation of potential function ܩሺߪതሻ is shown in Figs. 3.22 and 3.23 
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Figure  3.22 3D surface view of the potential function presented in Eq 3.69 
 
Figure  3.23 3D surface view of the potential function presented in Eq 3.69 
82 
 
The function asymptotically approaches the linear Drucker-Prager flow potential at high 
confining pressure stress and intersects the hydrostatic pressure axis at 90°. 
For the propose of compression, the yield function ܨሺߪത, ߝ̃௣௟ሻ and the plastic potential 
function ܩሺߪതሻ are plotted together and shown in Figs. 3.24 and 3.25. 
 
 
Figure  3.24 3D surface view of the yield function ܨሺߪത, ߝ̃௣௟ሻ (Eq 3.48) and potential 
function ܩሺߪതሻ (Eq 3.69) 
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Figure  3.25 View in the deviatoric plane of the yield function ܨሺߪത, ߝ̃௣௟ሻ and potential 
function ܩሺߪതሻ 
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3.4 Review of the Interface Modeling Approach. 
As mentioned before, two different approach was adopted in this study. The first approach 
was continuum-based approach in which both sandstone and lime mortar was modeled as 
continuum material. The interface between the two material was assumed perfect bond. 
The second approach was interface base approach in which sandstone was modeled as 
continuum material whereas the lime mortar was modeled as interface. In 
ABAQUS/Explicit, the surface-base-cohesive approach was adopted. Surface based 
cohesive behavior is primarily intended for situations in which the interface thickness in 
negligibly small. In this surface-based behavior adopted in this model, the contacted 
surfaces are the surfaces of the adjacent bricks themselves which means that, the lime 
mortar thickness have been assumed to be zero as the nature of the surface-based cohesive 
behavior suggested. Three main ingredients of the surface based cohesive behavior 
namely: 
 Linear elastic traction-separation model. 
 Damage model 
1. Damage initiation. 
2. Damage evolution. 
3.4.1 Linear Elastic Traction-Separation Model. 
In the linear elastic traction separation model, the behavior can be molded either though 
coupled or uncoupled low. In the coupled low behavior, the traction stress vector is related 
to the separation vector though a full-populated stiffens matrix as shown in Eq 3.70 
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For the uncoupled behavior, the off diagonal terms are set to be zero as shown in 
Eq. 3.71 
൝
ݐ௡ݐ௦ݐ௧
ൡ ൌ ൥
ܭ௡௡ 0 00 ܭ௦௦ 0
0 0 ܭ௧௧
൩ ൝
ߜ௡
ߜ௦
ߜ௧
ൡ ൌ ۹઼    (3.71) 
If the stiffness values of the material in the three normal direction are not specified, 
they will have the default values provided by ABAQUS. 
3.4.2 Damage Model 
Damage modeling allows simulate the degradation and failure of the bond between two 
cohesive surfaces. The failure mechanism consists of two ingredients: a damage initiation 
criterion and a damage evolution law. The initial response is assumed to be linear. 
However, once a damage initiation criterion is met, damage can occur according to a user-
defined damage evolution law. Fig 3.26 shows a typical traction-separation response with 
a failure mechanism.  
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Figure  3.26 Traction separation criteria used for interface modeling. 
Where: 
ݐ௡଴ is the peak value of the contact stress in the normal direction 
ݐ௦଴, ݐ௧଴ are the peak values of the contact stress in the two orthogonal tangential directions. 
ߜ௡଴ is peak value of the contact separation in the normal direction. 
ߜ௦଴, ߜ௧଴ are peak value of the contact separation in the two orthogonal tangential directions. 
ߜ௡௙ is the maximum value of the contact separation in the normal direction. 
ߜ௦௙, ߜ௧௙ are the maximum value of the contact separation in the two orthogonal tangential 
directions. 
It has to be mentioned that cohesive surfaces do not undergo damage under pure 
compression. 
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Damage of the traction-separation response for cohesive surfaces is defined within the 
same general framework used for conventional materials except the damage behavior is 
specified as part of the interaction properties for the surfaces. Multiple damage response 
mechanisms are not available for cohesive surfaces: cohesive surfaces can have only one 
damage initiation criterion and only one damage evolution law. 
3.4.2.1 Damage Initiation. 
Damage initiation refers to the beginning of degradation of the cohesive response at a 
contact point. The process of degradation begins when the contact stresses and/or contact 
separations satisfy certain damage initiation criteria that you specify. Several damage 
initiation criteria are available in ABAQUS. In this study, quadratic stress criterion was 
adopted. The  Quadratic stress criterion is descripted as follows: 
ቊ〈ݐ௡〉ݐ௡଴ ቋ
ଶ
൅ ൜ݐ௦ݐ௦଴ൠ
ଶ
൅ ቊݐ௧ݐ௧଴ቋ
ଶ
ൌ 1.0																																												ሺ3.72ሻ 
where: 
ݐ௡ is the actual applied value of the contact stress in the normal direction. 
ݐ௦, ݐ௧ are the applied value of the contact stress in the two tangential directions. 
Damage is assumed to initiate when a quadratic interaction function involving the stress 
ratios (as defined in Eq 3.72) reaches a value of one.  
After that, the damage evolution was controlled based on fracture energy which was found 
from the traction-separation (stress displacement) curve of the lime mortar. 
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3.4.2.2 Damage Evolution. 
The damage evolution law describes the rate at which the cohesive stiffness is degraded 
once the corresponding initiation criterion is reached. A scalar damage variable, D, 
represents the overall damage at the contact point. It initially has a value of 0. If damage 
evolution is modeled, D monotonically evolves from 0 to 1 upon further loading after the 
initiation of damage. The contact stress components are affected by the damage according 
to: 
ݐ௡ ൌ ൜ሺ1 െ ܦሻݐ௡̅,																							ݐ௡̅ ൐ 0	ݐ௡̅,																															݋ݐ݄݁ݎݓ݅ݏ݁   (3.73) 
ݐ௦ ൌ ൜ሺ1 െ ܦሻݐ௦̅,																							ݐ௦̅ ൐ 0	ݐ௦̅,																															݋ݐ݄݁ݎݓ݅ݏ݁    (3.74) 
ݐ௧ ൌ ൜ሺ1 െ ܦሻݐ௧̅,																							ݐ௧̅ ൐ 0	ݐ௧̅,																															݋ݐ݄݁ݎݓ݅ݏ݁    (3.75) 
 
Where	ݐ௡̅,	ݐ௦̅ and ݐ௧̅ are the contact stress components predicted by the elastic traction-
separation behavior for the current separations without damage. The evolution of the 
damage parameter D is described by several methods. In this study, the fracture energy 
was adopted for describing the evolution of the damage parameter D. The fracture energy 
is equal to the area under the traction-separation curve. 
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3.4.2.3 Evolution Based on Energy 
Damage evolution can be defined based on the energy that is dissipated as a result of the 
damage process (also called the fracture energy). The fracture energy is equal to the area 
under the traction-separation curve (Fig 3.27).  
 
Figure  3.27 Fracture energy equal the area under traction-separation curve. 
Fracture energy can be specified as a property of the cohesive interaction and it can 
be chosen either a linear or an exponential softening behavior. ABAQUS ensures that the 
area under the linear or the exponential damaged response is equal to the fracture energy. 
In this study, power law was adopted to specify the evolution of the damage. The power 
law criterion states that failure under mixed-mode conditions is governed by a power law 
interaction of the energies required to cause failure in the individual (normal and two 
shear) modes. It is given by: 
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ఈ
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where: 
ܩ௡஼ is the critical fracture energy required to cause failure in the normal direction. 
ܩ௦஼, ܩ௧஼ are the critical fracture energies required to cause failure in the first, and the second 
shear directions. 
ܩ௡ is the actual fracture energy corresponding to the ݐ௡ traction stress in the normal 
direction. 
ܩ௦, ܩ௧ are the actual fracture energies corresponding to the ݐ௦ and ݐ௧ traction stresses in 
the first, and the second shear directions. 
ߙ is the power law exponent. 
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4 CHAPTER 4 
EXPERIMENTAL INVESTIGATIONS 
4.1 Introduction 
Masonry walls subjected to both axial as well as horizontal cyclic loading have been studied 
quite well by several researches as mentioned previously. All experimental programs aim at 
better understanding of behavior of walls under such loading and then protecting masonry 
structures against any hazard that my case damage to the masonry walls. 
In this study, several experimental tests have been carried out (in order to carry out nonlinear 
simulation), including sandstone and lime mortar mechanical properties tests, prisms 
compression tests, bond test between brick and mortar, and complete wall tests under in-plane 
cyclic loading. The tests conducted in this study were as follows: 
1. Mechanical properties tests of sandstone. 
2. Mechanical properties tests of lime mortar. 
3. Prism compression test 
4. Sandstone-mortar interaction test 
5. Full-scale wall test. 
The data found from the above-mentioned tests will be used in the numerical simulation. 
Flow chart of the experimental and numerical programs is shown in Fig 4.1 
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Figure  4.1 Flow Chart of the Experimental Investigation 
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4.2 Mechanical Properties of Sandstone. 
Three main tests have been conduction to sandstone material. Those tests were 
 Compression tests 
 Tension tests 
 Three point bend test 
Tests procedures and details were all based on ASTM specifications 
4.2.1 Sandstone Uniaxial Compression Test. 
For compression test, cylindrical specimens were used to find the compressive behavior of 
the sandstone material. Specimens have been prepared according to the ASTM D 4543. 
According to ASTM, the ratio of height to diameter should be less than 2.5 and more than 
2.0. For that, the dimensions of the specimens were chosen (Fig 4.2) 
ܮ ൌ 150	݉݉,ܦ ൌ 74	݉݉ 
2.0 ൏ ܮܦ ൌ
150
74 ൌ 2.03 ൏ 2.5 
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Figure  4.2 Dimensions of cylinders test under uniaxial compression 
Cylindrical specimens have been prepared by coring from a sandstone rocks plate using a 
coring machine. Due to the nature of coring process, the outer surfaces of the cylinders 
were not perfectly smooth. Because of that, an abrasive process have been done to the 
surface of the cylinders using sandpaper (Figs 4.3). 
 
Figure  4.3 Coring and polishing process of sandstone cylinders.  
For testing the specimens in uniaxial compression, procedure have been followed in 
according to ASTM D 2938 – 95. Two type of compression tests were conducted namely: 
ܦ ൌ 74 ݉݉
ܮ ൌ 150 ݉݉
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i. Compression test to find only the ultimate strength of the material, 
ii. Test conducted to find all mechanical properties (ultimate strength, stress strain 
curve, Young Modulus and Poisson’s ratio).  
In the first type of compression test (i), the target was to find only the ultimate strength of 
sandstone. This test was conducted using ELE compression testing machine. Specimens 
were measured in three different location to find height and diameter as shown in Table 
4.1. 
Table  4.1 Dimension of sandstone samples used in uniaxial compression test 
Name 
 
h D h/D 
mm mm - 
SCTS-1 150.29 73.67 2.04 
SCTS-2 151.96 73.51 2.07 
SCTS-3 150.21 73.09 2.06 
SCTS-4 152.19 73.51 2.07 
SCTS-5 152.11 73.41 2.07 
SCTS-6 152.30 73.25 2.08 
SCTS-7 150.15 74.02 2.03 
SCTS-8 150.02 73.26 2.05 
 
The test was a load control test and the loading rate was fixed at 0.5 KN per second 
(Figs 4.4 and 4.5). Table 4.2 shows the compression test result of the specimens. 
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Figure  4.4 Sandstone cylinders made ready for uniaxial compression test. 
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Figure  4.5 Cylinders under compression test in ELE compression testing machine 
 
Table  4.2 Ultimate strength of the sandstone cylindrical specimens 
 
 
 
 
 
 
 
Name 
Strength 
 
Mpa 
SCTS-1 26.86 
SCTS-2 25.54 
SCTS-4 37.47 
SCTS-5 31.05 
SCTS-7 35.90 
SCTS-8 30.27 
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The test result of the compression test reveals that, the average capacity of the sandstone 
was about 28 MPa with standard deviation of 6.7. The standard deviation of the results 
was around 6.7. Normal distribution of the result is shown in Fig 4.6 
 
Figure  4.6 Normal Distribution of the sandstone compression test result. 
In the second compression test (ii), complete stress strain curve (including the softening 
branch) was targeted because it is essential to be used in the numerical simulation. For 
that, displacement control test were adopted with slow loading rate of 0.1 mm per minute 
(1.6 μm/s).  Two PLC-60-11 cross type; strain gauges were used in two opposite sides of 
the cylinders to efficiently capture the behavior of the cylinders under test and to find 
Young modulus, and Poisson’s ratio (Figs 4.7). The texture of one of the samples after 
testing is shown in Fig 4.8. 
 
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
7 10 13 16 19 22 25 28 31 34 37 40 43 46
Standard Deviation=6.7
99 
 
 
Figure  4.7 PLC-60-11 cross type; strain gauges  attached to cylinder under uniaxial 
compression test 
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Figure  4.8 Texture of the samples after testing. 
Stress strain curves were plotted as shows in Fig 4.9 and 4.10. Due to the nature of the 
strain gauges, it is not possible to capture the stress-strain curve in the softening branch. 
For that, the stress-strain curves where found using the displacement between the end 
loading plates (Fig 4.10). The test were conducted using LLOYD LR 300 K testing 
machine. 
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Figure  4.9 Stress Strain curves of sandstone compression test using data from strain 
gauges. 
 
Figure  4.10 Stress Strain curves of sandstone compression test using Displacement data. 
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The modulus of elasticity was found and calculated considering 1/3 of the ultimate 
strength of the sandstone material. The modulus of elasticity was in the range of 
27000 MPa. 
The lateral behavior of the sandstone has also been captured though the horizontal 
strain gages. Fig 4.11 shows the variation of axial loading versus circumferential 
strain. 
 
Figure  4.11 Stress Lateral Strain curves of sandstone compression test using stain gages 
data. 
Poisson’s ratio result for the test was in the range of 0.3 
The volumetric strain was also calculated in this study. Volumetric strain measures the 
dilatation of the material. The volumetric strain is calculated as follows: 
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ߝ௩ ൌ ∆ܸ଴ܸ ൌ ߝ௔ ൅ 2ߝ௟ 
Where:  
ߝ௔ is the axial strain 
ߝ௟ is the lateral circumferential strain. 
The variation of axial strain, lateral strain, and volumetric strain are shown in Fig 4.12. 
 
Figure  4.12 Vertical, Lateral, and volumetric strain. 
The density of sandstone material was also found. Table 4.3 shows the measured 
density of the samples 
 
Table  4.3 Destiny of sandstone material 
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Name 
Density 
 
Kg/m3 
SCTSS-1 2156.35 
SCTSS-2 2170.637
SCTSS-3 2074.564
SCTSS-4 2145.708
SCTSS-5 2056.247
 
The density of sandstone material was in the range of 2120.0 Kg/m3 
4.2.2 Sandstone Uniaxial Tension Test. 
In tension test, three types of tests have been adopted namely, 
i. Split test, 
ii. Dog-bone tension test, 
iii. Direct tension test. 
4.2.3 Split  Tension Tests 
This test is a standard test used to find indirectly the tensile strength of Intact Rock 
Core Specimens. ASTM D 3967 and C 496 covers testing apparatus, specimen 
preparation, and testing procedures for determining the splitting tensile strength of 
rock by diametral line compression of a disk. 
According to ASTM, each specimen has to satisfy the following dimension criteria: 
0.2 ൑ tD ൑ 	0.75 
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In this study, diameters of the samples were fixed due to constraint in coring 
machine (Fig 4.13). The thickness of the specimens was calculated as follows: 
D ൌ 75	mm,				 tD ൌ 0.2	to	0.75,			t ൌ 75 ൈ ሺ0.2	to	0.75ሻ ൌ 15	to	56	mm.		 
Taken a tolerance of േ2	݉݉, thickness of 40 mm has been chosen in this study 
which means that: 
0.2 ൏ tD ൌ
40 േ 2
75 േ 2 ൎ 0.533 േ 0.04 ൏ 0.75 
 
 
Figure  4.13 Dimension of sandstone samples tested in split test 
To prepare the specimens, a sandstone rock has been caut into a plate of dimension 
45 by 45 by 4 cm. After that, specimens (that were used in the split test) were cored 
from this plate. Due to nature of coring process, the surface of the sandstone discs 
have to be polished to make the surface smooth and to make the spacimens as much 
as possible right cylindrical disk. Following some pictures shows the procedure of 
coring and smoothing the surfaces of the disc spacimens (Figs 4.14 and 4.15). 
ܦ ൌ 75	݉݉ 
ܮ ൌ 40 ݉݉ 
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Figure  4.14 Coring process of sandstone samples for split test. 
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Figure  4.15 Cylinders after coring and polishing. 
The split test has been conducted using universal ELE compression testing machine. 
Specimens have been numbered and measured in three different locations to find 
the dimensions of the specimens. Table 4.4 gives information about all tested 
specimens in split test 
 
 
 
 
Table  4.4 Dimensions of sandstone samples for split test 
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Name 
t D t/D 
mm mm - 
SSPT-1 37.69 73.63 1.51413 
SSPT-2 39.56 73.87 1.437755
SSPT-3 39.61 72.98 1.960031
SSPT-4 39.63 73.95 2.411341
SSPT-5 39.34 74.02 2.382906
SSPT-6 39.53 73.88 2.136092
SSPT-7 39.40 73.87 2.340651
SSPT-8 39.42 73.94 2.380429
SSPT-9 39.31 73.97 2.561464
SSPT-10 39.46 74.00 2.158296
SSPT-11 39.55 74.00 2.131614
SSPT-12 39.52 73.89 1.89694 
SSPT-13 39.51 73.99 2.003328
 
The test conducted was a load control test due to the nature of the equipment. The load 
rate adopted in this test was 0.5 KN/s. Figs 4.16 and 4.17 show the samples under test and 
also show the texture of the fractured surfaces.  
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Figure  4.16 Sandstone specimen under split test 
 
Figure  4.17 Sandstone specimen after split test 
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The average split tensile strength was around 2.1 MPa with standard deviation of 0.33. A 
total of 13 samples where tested under this test and all results from split test are show in 
Table 4.5. The normal distribution of the results is shown in Fig 4.18. 
Table  4.5 Split tension test results of sandstone samples. 
Name 
Tensile Strength 
 
MPa 
SSPT-1 1.51 
SSPT-2 1.44 
SSPT-3 1.96 
SSPT-4 2.41 
SSPT-5 2.38 
SSPT-6 2.14 
SSPT-7 2.34 
SSPT-8 2.38 
SSPT-9 2.56 
SSPT-10 2.16 
SSPT-11 2.13 
SSPT-12 1.90 
SSPT-13 2.00 
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Figure  4.18 Normal distribution of the split test result. 
4.2.4 Briquette Tension Test 
Briquette test has also conducted to sandstone samples. Samples were shaped to the correct 
shape for test. This test was conducted to verify the result found form split test. The test 
results in approximately same tension strength of the sandstone material. Figs 4.19 and 
4.20 shows the sample test under Briquette tension test. 
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Figure  4.19 Sandstone sample for Briquette tension test. 
 
Figure  4.20 Configuration of Briquette tension test. 
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Only few samples were used in this test as the purpose of the test is only verification to 
split test. The tension strength of the sandstone result from this test was 3.0 MPa.  
 
4.2.5 Direct Tension Test. 
In the direct tension test, the testing equipment, testing procedure and testing rate are very 
important and essential to capture the correct behavior specially the softening branch of 
the stress strain curve in the uniaxial tension test. One of the main goal of this study is to 
conduct the numerical analysis on the behavior of masonry wall subjected to in plane 
loading. The complete stress strain curve in tension including the softening branch of the 
cure are very important input in the nonlinear finite element simulation. 
It is well known that the shape of the softening branch depends on the boundary conditions 
(Van Vliet, Ramos 2000, & Vasconcelos 2005). Cracks initiation induced eccentricity in 
the loading. This eccentricity lead to fast fracturing of the specimen when end supports are 
pinned. However, when the end supports are fixed, eccentricity originated by the crack 
opening is balanced by the introduction of bending moments. This lead to generation of 
multiple cracks. Small differences were noticed (Van Vliet, 2000; Van Mier et al.,1996) in 
which the fracture is generally larger relative to the ones achieved in uniaxial tension tests 
conducted using pin-ended platens. The differences between the two behaviors are shown 
schematically in Fig 4.21. It has to be noted that, the fixed end support type has to induce 
zero moment at the beginning of the test to get result that is more accurate. Achieving this 
zero moment at the beginning of the test is usually difficult. Due to this difficulty and 
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because the differences between the results of fixed end support and pined end support are 
close to each other, pin type of supports were adopted in this study. 
 
 
Figure  4.21 Effect of boundary condition on behavior of samples under direct tension 
test, Vasconcelos (2005). 
According to Vasconcelos (2005) when performing direct tensile test to un-notched 
specimen, uncertainty about the location of the cracks will arise. Based on that, specimens 
dimensions adopted in this study was chosen in according to the suggested dimensions by 
Ramos (2001) and Vasconcelos (2005) the specimens were prismatic shape of 80mm 
height, 50mm length and 40mm width were considered. To capture the behavior of the 
cracked surfaces, notches have been introduced to the prisms in two opposite faced so that 
the crack will happen in the targeted area. The top and bottoms faces of the prisms were 
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prepared to be rough so that good adhesion is achieved between the specimen and the 
epoxy that will glue the specimen to the loading plates. The test procedure was conducted 
in according to ASTM D 2936. Specimen’s dimensions are shown in Figs 4.22-4.24. 
 
Figure  4.22 Sandstone specimen depiction and dimension 
 
Figure  4.23 Sandstone specimen with introduced notches. 
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Figure  4.24 Sandstone specimen ends were made rough for better adhesion. 
The ends of specimen were attached firmly to the loading plat using DEVCON glue. Two 
hinged supports where introduced at the center of lading plate and then the whole set up 
was attached to the loading machine. Two strain gauges where attached to the un-notched 
faces of the specimen and two PI-shape Displacement Transducer (PI-5) were attached to 
the specimen on the notched faces to measure the displacement through the notch. The 
loading rate was slow of 0.05 mm/min (0.83 μm/s) to capture the softening branch of the 
stress-strain curve. Specimen under loading is shown in Figs 4.25 and 4.26. 
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Figure  4.25 Sandstone samples in direct tension test. 
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Figure  4.26 Configuration of Direct tension test 
The stress strain curve reveals that, the sandstone behavior is very brittle under uniaxial 
tension test. Typical result of direct tension test is shown in Fig. 4.27 
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Figure  4.27 Stress-Strain curve of sandstone specimen under direct tension test. 
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4.3 Mechanical Properties Test of Lime Mortar. 
Mortar is one of the constituent that composes the masonry wall. It is well known that 
mortar affect the behavior of the masonry structures (Edgell and Haseltine 2005). In this 
study, ready mixed Lime Mortar LM70 from Dry Mortar Company (DMC LM70 
Technical details.) was used for construction of the walls and prisms. Fig 4.28. 
 
Figure  4.28 Ready mixed Lime Mortar LM70 
The lime ready mixed lime mortar consists of hydrated lime and white cement and also 
some other additives. This lime mortar is manufactured in according to M5, EN 998-2, 
ASTM C270 type N; ASTM C150, and ASTM C144. The water mix ratio specified be the 
manufacturer (w/m) is 0.3.  
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The need to perform mechanical studied for lime mortar is because it is needed in the 
numerical analysis. In the numerical simulation, two different approaches were adopted 
namely: 
i. Continuum passed approach in which both sandstone and lime mortar 
were treated as continuum material,  
ii. Interface approach in which sandstone was modeled as a continuum 
material whereas the lime mortar was modeled as an interface between 
sandstone units.  
For both approaches, different kind of material parameters are needed to be input in the 
FEM. For that, several type of tests had to be conducted including, uniaxial compression 
test, uniaxial tension test, and direct shear. The continuum based approach needs different 
types of material properties. The tests conducted on lime mortar are shown in the following 
section. All lime mortar specimens were prepared though casting process and then cured 
for 28 days. 
4.3.1 Lime Mortar Uniaxial Compression Test. 
For compression test of lime mortar, cylindrical specimens were used to find the 
compressive behavior of the LM70 material. Specimens were prepared by casting 
cylinders in standard cylindrical mold. The tests and samples have been prepared 
according to the ASTM C 39. The dimensions of the specimens were: 
ܮ ൌ 150	݉݉,ܦ ൌ 75	݉݉ 
ܮ
ܦ ൌ
150
74 ൌ 2.0 
122 
 
Figs 4.29 and 4.30 shows the configuration and sizes of the cylinders to be tested under 
compression test. 
 
 
 
 
Figure  4.29 Dimensions of Lime mortar cylinders test under uniaxial compression 
 
ܦ ൌ 75 ݉݉
ܮ ൌ 150 ݉݉ 
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Figure  4.30 Lime Mortar cylindrical Specimens. 
Lime mortar cubes were also used to measure the compression strength of the lime mortar. 
ASTM C 109 had been followed to measure the compressive strength of lime mortar cube 
specimens (Fig 4.31) 
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Figure  4.31 Lime Mortar cubic Specimens. 
For testing the specimens in uniaxial compression, procedure have been followed in 
according to ASTM C39 & C109. Two type of compression test where conducted namely:  
i. Compression test to find only the ultimate strength of the material, 
ii. Compression test conducted to find all mechanical properties (ultimate 
strength, stress strain curve, young modulus and Poisson’s ratio).  
In the first type of compression test (i), compression test were conducted for only finding 
the ultimate strength of the lime mortar. This test was conducted using ELE compression 
testing machine. The test was a load control type with loading rate of 0.5 KN per second.  
Dimensions of specimens have been found though measurements at different locations. 
The density of the material also found in this study (Table 4.6) . After that the specimens 
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were tested under uniaxial compression test. Figs 4.32 and 4.33 shows both cylinders and 
cubes under compression test. 
 
Figure  4.32 Lime mortar cylinder after compression test in ELE compression testing 
machine 
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Figure  4.33 Lime mortar cube under compression test in ELE compression testing 
machine 
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Table  4.6 Dimensions and Densities of Lime Mortar samples. 
Name 
h Average h D h/D Area Volume Wight Density 
mm mm mm - mm2 mm3 g Kg/m3 
LMCTS-1 150.39 150.39 76.20 1.97 4560.3 685845 1104.2 1609.98 
LMCTS-2 151.10 151.10 76.20 1.98 4560.3 689060.1 1122.3 1628.74 
LMCTS-3 150.44 150.44 76.20 1.97 4560.3 686073.1 1093.1 1593.27 
LMCTS-4 150.18 150.18 76.20 1.97 4560.3 684876 1094.7 1598.39 
LMCTS-5 150.34 150.34 76.20 1.97 4560.3 685605.6 1092.7 1593.77 
LMCTS-6 150.14 150.14 76.20 1.97 4560.3 684682.1 1101.8 1609.21 
LMCTS-7 150.24 150.24 76.20 1.97 4560.3 685126.8 1075.7 1570.07 
LMCTS-8 150.21 150.21 76.20 1.97 4560.3 685001.4 1093.7 1596.64 
LMCTS-9 150.04 150.04 76.20 1.97 4560.3 684248.9 1078.4 1576.03 
LMCTS-10 150.06 150.06 76.20 1.97 4560.3 684317.3 1095.4 1600.72 
 
Table 4.7 shows the uniaxial compression strength of the lime mortar cylindrical samples 
and Table 4.8 shows the uniaxial compression strength of the lime mortar cubical samples. 
It has been noted that, the compression strength of lime mortar was noted to be low as the 
nature of the material says. The maximum load applied to the samples were recorded and 
then the uniaxial compression strength of the material were calculated. For the 
compression strength resulted for testing of cylinders, the average strength recorded was 
in the range of 1.8 MPa with standard deviation of 0.28. Fig 4.34 
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Table  4.7 Ultimate strength of the lime mortar cylindrical specimens 
Name Compression Strength MPa 
LMCTS-1 1.14 
LMCTS-2 2.24 
LMCTS-3 1.78 
LMCTS-4 1.71 
LMCTS-5 1.93 
LMCTS-6 1.86 
LMCTS-7 1.64 
LMCTS-8 1.90 
LMCTS-9 1.65 
LMCTS-10 1.91 
 
 
Figure  4.34 Normal Distribution of the Lime mortar cylinder compression test result. 
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For the compression strength of lime mortar cubes, the average strength recorded was in 
the range of 2.0 MPa with standard deviation of 0.26 Fig 4.35 
 
Table  4.8 Ultimate strength of the lime mortar cube specimens 
Name Compression Strength MPa 
LMCCTS-1 1.80 
LMCCTS-2 2.12 
LMCCTS-3 2.05 
LMCCTS-4 1.70 
LMCCTS-5 2.00 
LMCCTS-6 2.04 
LMCCTS-7 1.82 
LMCCTS-8 2.13 
LMCCTS-9 1.73 
LMCCTS-10 2.56 
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Figure  4.35 Normal Distribution of the lime mortar cube compression test result. 
 
The test result of the compression test reveals that, the average capacity of the lime mortar 
was in the range of 2.0 Mpa. 
In the second compression test (ii), complete stress strain curve (including the softening 
branch) was targeted because it is essential to be used in the numerical simulation. For 
that, displacement control test was adopted with slow loading rate of 0.1 mm per minute 
(1.6 μm/s).  Two PLC-60-11 cross type; strain gauges were used in two opposite sides of 
the cylinders to efficiently capture the behavior of the cylinders under test and to find 
young modulus, and Poisson’s ratio (Fig 4.36). 
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Figure  4.36 PLC-60-11 cross type; strain gauges attached to lime mortar cylinder under 
uniaxial compression test 
Stress strain curves were plotted as shown in Fig 4.37. Due to the nature of the strain 
gauges, it is not possible to capture the stress-strain curve in the softening branch. For that, 
the stress-strain curves where found using the displacement between the end loading plates 
Fig 4.38. The test where conducted using LLOYD LR 300 K testing machine. 
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Figure  4.37 Strain curves of Lime mortar compression test using data form strain gauges. 
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Figure  4.38 Strain curves of Lime mortar compression test using displacement data.  
 
The lateral behavior of the sandstone also have been captured though the horizontal 
strain gages. Fig 4.39 shows the variation of axial loading versus circumferential 
strain. Poisson’s ratio result for the test was in the range of 0.25. 
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Figure  4.39 Stress Lateral Strain curves of Lime mortar compression test using stain 
gages data.  
 
4.3.2 Lime Mortar Uniaxial Tension Test. 
As mentioned before, tension properties of lime mortar material is also need to be used in 
the numerical analysis. For this porous, tension test has been conducted to lime mortar 
samples. In tension test, three types of tests have been adopted namely: 
i. Split test, 
ii. Briquette tension test, 
iii. Direct tension test, 
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4.3.3 Split Test. 
Split test where conducted in this study to indirectly find the tension strength of the Lime 
Mortar. Specimens, equipment and test procedure where conducted in accordance with 
ASTM D 3967 and C496. Samples were casted and cured for 28 days and then tests under 
split test.  Based on the specifications, dimensions of the samples were chosen to be 75 x 
150 mm (Fig 4.40). Dimensions of each specimen was found by measuring the specimen 
at different location (Table  4.9). 
Table  4.9 Dimensions of lime mortar cylinders used in compression test. 
Name 
h Average h D t/D 
mm mm mm - 
LMSPT-1 150.15 150.15 76.20 1.97 
LMSPT-2 150.53 150.53 76.20 1.98 
LMSPT-3 150.52 150.52 76.20 1.98 
LMSPT-4 150.66 150.66 76.20 1.98 
LMSPT-5 150.36 150.36 76.20 1.98 
LMSPT-6 149.82 149.82 76.20 1.97 
LMSPT-7 150.08 150.08 76.20 1.97 
LMSPT-8 150.39 150.39 76.20 1.98 
LMSPT-9 150.24 150.24 76.20 1.97 
LMSPT-10 149.89 149.89 76.20 1.97 
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Figure  4.40 Depiction of lime mortar used in split test. 
Due to the nature of the equipment used in the test, load control test was used in the test. 
The loading rate adopted in this test was 0.5 KN/s. Fig 4.41 show the samples under test.  
ܦ ൌ 75 ݉݉
ܮ ൌ 150 ݉݉ 
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Figure  4.41 Lime mortar specimen under split test. 
A total number of 10 samples were test in this test. It has been noted that, the split tension 
strength of the lime mortar is low compare to the split tension test of the sandstone. The 
average split tensile strength was in the range of 0.24 MPa with standard deviation of 0.034 
(Fig 4.42). Test results are show in Table 4.10. 
 
 
 
Table  4.10 Split test result of lime mortar 
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Name Split Tensile Strength MPa 
LMSPT-1 0.26 
LMSPT-2 0.21 
LMSPT-3 0.28 
LMSPT-4 0.22 
LMSPT-5 0.23 
LMSPT-6 0.26 
LMSPT-7 0.20 
LMSPT-8 0.27 
LMSPT-9 0.22 
LMSPT-10 0.27 
 
 
 
Figure  4.42 Normal Distribution of Lime Mortar split test result. 
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4.3.4 Briquette Tension Test. 
In the Briquette test, samples were prepared using Briquette molds. This test where 
conduct to verify the result found from split test. Figs 4.43 and 4.44 show the sample test 
under Briquette tension test. 
 
Figure  4.43 Lime mortar Briquette samples. 
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Figure  4.44 Lime Mortar Briquette samples under test. 
A total number of 16 specimens were tested in Briquette test. The Briquette tension test 
results are little bit higher than that found from split test. Table 4.11 shows the results of 
Briquette tension test. The standard deviation of the results is 0.075. The normal 
distribution of the results are shown in Fig 4.45. 
Table  4.11 Tension test result of doge bone lime mortar samples 
Name Tension Strength MPa 
LMDTTS-1 0.43 
LMDTTS-2 0.49 
LMDTTS-3 0.36 
LMDTTS-4 0.31 
LMDTTS-5 0.36 
LMDTTS-6 0.38 
LMDTTS-7 0.29 
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LMDTTS-8 0.37 
LMDTTS-9 0.56 
LMDTTS-10 0.44 
LMDTTS-11 0.31 
LMDTTS-12 0.39 
LMDTTS-13 0.28 
LMDTTS-14 0.42 
LMDTTS-15 0.32 
LMDTTS-16 0.39 
 
 
Figure  4.45 Normal distribution of Lime Mortar Briquette tension test result. 
 
It has been noted that the average tension strength of the lime mortar results from this test 
is in the range of 0.38  MPa which is more than the strength found form the split test. This 
can attributed to the fact that the fracture area in the Briquette tension test is varying during 
the test. The area used to calculate the strength was based on the narrows part of the 
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samples however; some samples were ruptured in different level of the samples resulting 
in more rupture area.  
 
4.3.5 Direct Tension Test. 
As mentioned in the direct tension test of the sandstone, the testing equipment, testing 
procedure and testing rate are very important and essential to capture the correct behavior 
specially the softening branch of the stress strain curve in the uniaxial tension test. The 
specimens were prismatic shape of 80mm height, 50mm length and 40mm width were 
considered. To capture the behavior of the cracked surfaces, notches have been introduced 
to the prisms in two opposite faced so that the crack will happen in the targeted area.  
The ends of specimen were attached firmly to the loading plat using DEVCON glue. Same 
procedure has been followed as that adopted in direct tension test of sandstone material. 
Lime mortar shipment under direct tension test is shown in Fig 4.46. 
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Figure  4.46 Configuration of Direct tension test 
The stress strain curve is shown in Fig. 4.47 
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Figure  4.47 Stress-Strain curve of sandstone specimen under direct tension test. 
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4.4 Sandstone Lime Mortar Interface Test. 
The interaction properties between sandstone and the lime mortar was needed in the 
interface FEM simulation. In this test, direct shear test has been conducted using double 
shear test approach. The configuration of the setup is shown in Figs. 4.48 and 4.49 
 
Figure  4.48 Specimen under Direct shear test. 
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Figure  4.49 Specimen after testing in direct shear test. 
 
The coefficient of friction has been found in this test. Fig 4.48 shows the force 
displacement curve of specimen tested under 2 MPa normal stress. The friction coefficient 
found from this test is 0.7. 
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Figure  4.50 Force displacement rustled from direct shear test. 
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4.5 Prism Compression Test. 
Behavior of masonry walls under pure compression force is needed in this study especially 
when doing the numerical analysis. Normally, compression test of full scale wall is rather 
difficult due to the necessity of high capacity machine to produce high force. This 
limitation usually lead to test a repetitive prism that give same behavior of the wall. In this 
study, compression test was carried out to prism repressing the Sandston masonry walls. 
ASTM C 1314 and European Standard EN1052-1(1999) provide a specifications and 
description of the test. According to the standards, masonry specimens should include at 
least one head joint in the central course centrally placed. The size of the prism in this 
study was limited to the capacity of the equipment available in the labs.  
The prism was constructed using the same bricks that were used to construct the walls. 
The head and bed joints were made of ready mixed DMC lime mortar LM70 (LM70 
Technical details). A total number of two masonry prisms specimens were tested under 
pure compression test. 
Prisms, as well as walls, were built using two different sandstone brick sizes. The larger 
brick had dimensions of 300 x 150 x 200 mm, and the small brick had dimensions of 150 
x 150 x 200 mm. Both head and bead joints were limited to be 10 mm in thickness. Shape 
and size of the bricks used in building prisms and walls are shown in Fig 4.51. 
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Figure  4.51 Dimensions of sandstone units 
As mentioned, prism and walls were built using ready mixed DMC lime mortar LM70 
with 10 mm head and bed joints. Prism and walls were then subjected to a curing period 
as specified in the LM70 specifications. Shape and configurations of prism are shown in 
the Figs 4.52-4.54. 
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Figure  4.52 Isometric view of the sandstone prism. 
 
Figure  4.53 Dimensions and configuration of the sandstone prism 
 
47	ܿ݉ 
61 ܿ݉
5	ܿ݉ 
20 ܿ݉ 
High Strength mortar 
151 
 
 
Figure  4.54 Sandstone Prisms under curing period. 
The prisms were constructed on top of long and thick steel plate so that the movement of 
the prims were easy. The first course of the prism where built on the top of the steel plate 
using a high strength mortar EMACO S88 CT provided by BASF. Continuous curing was 
provide to the prisms for 28 days. The tests were conducted using Enerpac hydraulic jack 
and steel frame available in the reaction floor of the heavy equipment lab. Due to the nature 
of prims construction, the top side of the prism was not perfectly flat. Because of this, a 
thick layer of high strength mortar EMACO S88 CT was placed at the top of the prism so 
that the stress is uniformly distributed on the top side of the wall without any stress 
localization or concentration (Figs 4.55 and 4.56). Two thick steel plates were place at top 
and bottom sides of the prims so that a uniform stress is exerted on the prims.  
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Figure  4.55 High strength layer on top of the Sandstone prism. 
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Figure  4.56 Configuration of testing setup of the Sandstone prism 
Enerpac hydraulic jack was first placed on top of steel built-up section and then a thick 
steel plate was placed on top of the jack. The prism was then placed on top of the thick 
loading plate and then another thick steel loading plate was place at the top of the prism. 
In order to get a uniform axial loading, the prism has to be aligned vertically and 
horizontally. For this purpose, Laser leveler (Fig 4.57) was used to accurately place the 
prims in the proper position with the probe alignment  (Fig 4.58). 
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hydraulic jack 
Prism supporting 
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Figure  4.57 Laser leveler used for alignment 
 
Figure  4.58 Sample under alignment process. 
 
Vertical as well as horizontal displacement of the prism were captured using four vertical 
CDP-25 LVDs and two horizontal CDP-25 LVDTs. A set of threaded bars were attached 
firmly to the prism by gluing them indies a wholes previously drilled in the prim body. 
DEVECON epoxy was used to glue the threaded bars inside the holes. Some of the LVDTs 
Laser Vertical 
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were bolted to the threaded bares using aluminum L shape sections. The vertical LVDTs 
was attached to the prism supporting plate to measure the displacement between the 
prism’s top and bottom end plates. Figs 4.59 and 4.60 show the configuration of one of the 
tested prisms. 
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Figure  4.59Dimensions and LVDTs configuration of Sandstone Prism 2 
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Figure  4.60 Dimensions and LVDTs configuration of Sandstone Prism 2 
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The axial force was exerted on the prism though a strong steel frame attached to the 
reaction floor. The axial load was recorded though a load cell of 2000 KN capacity placed 
between the prism and the steel frame. Some steel plates has to be used to fill the gap 
between the top of the prism and the steel frame. The data was acquired using TOKYO 
SOKKI data logger. Table 4.12 shows the total number of channels used in the experiment. 
The setup configuration is shown in Fig 4.61. 
 
Table  4.12 Channels used in the prism compression experiment 
Channel type Channels Number 
CLC -Load Cells 0 1 
CDP-25 1,2,3,4,5,6,7,8 8 
Total  9 
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Figure  4.61 Test setup and configuration of sandstone prism 
 
A displacement control test was adopted with an average test speed of 3 െ 5	ߤ݉/ݏ so that 
the softening branch of the force-displacement curve could be captured. During the 
experiment, the cracks was noted and marked on the prims side by side with the associated 
load. To simplify the recording process of the cracks, prism brick units were numbered 
and sketched on paper. All cracks and associated loads was recorded graphically. The total 
duration of the test was 45 minutes, including cracks capturing process. The prims was 
first experienced a longitudinal crack and then diagonal cracks started to appear which was 
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associated with growing of other cracks. The failure was quite uniform up to collapse. Figs 
4.62-4.65 show wall during and after final collapse. 
 
Figure  4.62 Sandstone prims during collapse. 
 
 
Figure  4.63 Sandstone prism after collapse. 
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Figure  4.64 Sandstone Masonry prism after collapse. 
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Figure  4.65 Sandstone Masonry prism after collapse. 
The axial strength of the two prisms are presented in Table 4.13. 
Table  4.13 Axial compression strength of the prisms 
Prism 
Average 
Width 
Average 
Thickness Max force Stress 
mm mm Kn MPa 
Prism-1 617.8 201.7 1620.16 13.02 
Prism-2 614.8 201.8 1754.07 14.20 
 
Vertical load verses vertical displacements of the two prisms were recorded and shown in 
Fig. 4.66.  
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Figure  4.66 Vertical force versus vertical displacement of uniaxial compression test 
of Sandstone prisms. 
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4.6 Full Scale Masonry Walls Test 
The main objective of this study is to examine the behavior of walls subjected to in-plane 
cyclic loading. For this purpose, three wall samples were built using sandstone units and 
lime mortar at head and bed joints (Fig 4.67). The walls were built directly on top of a 
steel U channel in the reaction floor near the testing setup so that transporting the wall 
from place to place were achieved without damaging the wall samples. The walls then 
were subjected to curing process for about three weeks with continuous water curing. After 
curing, the wall was then placed in the proper position within a steel frame fabricated for 
purpose of testing the wall under cyclic loading.  
 
Figure  4.67 Isometric view of the sandstone wall. 
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Placing of the wall is a critical issue in which the wall has to be perfectly aligned vertically 
and horizontally so that it is in consistence with the cyclic hydraulic jack actuator to 
prevent any out of plane action and also to prevent eccentricity when applying load. Laser 
leveler was used so that perfect alignment could be achieved. 
A total of three walls were tested in this study. Two of them were unreinforced masonry 
walls and the third one was masonry wall reinforced with CFRP. Each one of those wall 
were subjected to different level of pre-axial compression stress. The notation used for the 
distinct types of walls was based on vertical pre-compression levels.  
For the purpose of testing, steel frame was constructed on the reaction floor Fig 4.68. This 
frame was used to exert the axial load on the wall. The axial stress was exerted on the wall 
using specific equipment fabricated for this test. The equipment consisted of two hydraulic 
jacks and controller Figs 4.69-4.71. One of the hydraulic jack (named Jack A) exerts only 
compression force and the other (Named Jack B) can exerts both compression and tension 
force. The two hydraulic jacks were designed so that the force exerted on the walls is slow. 
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Figure  4.68 Constructed steel frame. 
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Figure  4.69 Hydraulic jack Controller. 
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Figure  4.70 Hydraulic jack A exerts only axial force. 
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Figure  4.71 Push Pull hydraulic jack B. 
The axial as well as horizontal forces were exerted on the wall though a stiff concrete beam 
attached to the top of the wall. High strength mortar (BASF EMACO S88C) were used to 
attached the stiff concrete beam to the top of the wall. This high strength mortar ensures 
uniform distribution of the axial and horizontal force on the wall without any stress 
localization. 
The wall movements and deformations were captured and recorded using several LVDTs 
attached to the wall at different positions. Total number of channels used in the test and 
type of those channels based on their reading are shown in Table 4.14. Fig 4.72 and 4.73 
show configuration and positions of LVDTs attached to the wall. 
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Table  4.14 Channels used in the wall cyclic experiment 
Channel type Channels Number 
Load Cells 0,1 2 
CDP LVDT-100 2 1 
CDP-25 3,4,5,6 4 
PATRIOT LVDT 7,8,9,10,11 5 
Total  12 
 
 
 
 
171 
 
 
Figure  4.72 Dimensions and LVDTs configuration of wall-1.7. 
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Figure  4.73 Dimensions and LVDTs configuration of wall-1.7 
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The axial force was exerted on walls with high axial force using Enerpac hydraulic jack 
which has a capacity of 2000 KN. This jack was then named Jack C. At first, the sandstone 
walls were placed on top of built-up steel section attached firmly to the reaction floor 
though two high 5 cm diameter strength big bolts. The wall was then firmly attached to 
this built-up section using two high strength bolts.  
The axial forced exerted by the hydraulic Jack A or C was distributed to the top area of the 
wall though two beams. One of these two beams is a stiff concrete beam fabricated for this 
purpose. The other beam is stiff I steel section. At first, the concrete beam was placed and 
attached to the top side of the wall though thick layer of high strength mortar EMACO S88 
CT. During the lateral loading of the wall, the top side of the wall as well as the attached 
concrete beam have to move freely so that the desired lateral load exerted on the wall can 
be achieved. The I steel beam was then placed on top of the concrete beam. The Jack A or 
C was then placed on top of the steel I beam. The hydraulic jack A or C and the steel beam 
were stationary in which movements (in-plane and out of plane) was prevented using a set 
of in-plane and out of plane support. The concrete beam, however, has to move freely in-
plane to exert the lateral displacement to the top of the wall. To allow the lateral movement 
of the stiff concrete beam, as well as the top of the wall attached to the concrete beam, a 
set of cylindrical round bars were placed between the steel beam and the concrete beam. 
To prevent the damage of the top side of the concrete beam and also to facilitate the 
rotation of the round bars, thick steel plate was used to cover the top side of the concrete 
beam. This steel plate was firmly attachment to the beam using previously prepared bolt 
attached to the inside of the concrete beam at the time of casting.  
174 
 
As mentioned before, the wall was attached firmly to the built-up steel section. This was 
achieved by attaching the U wall support to the built-up steel section using two high 
strength blots. To prevent the wall from sliding in the first course, two L steel section were 
used at the two bottom ends of the wall. These two L section was attached to the U section 
using the same bolts used to attach the U wall support section to the built-up section. The 
gaps between the L section and the wall was then filled using EMACO S88 CT high 
strength mortar. 
The horizontal load is transmitted to the wall through the concrete beam that attached to 
the horizontal Jack B. One side of Jack B was attached to the end of the concrete beam and 
the other side was reacted agents strong vertical reaction wall. Unfortunately, the 
horizontal Jack B was not designed for recording the exerted load. Due to this limitation, 
a fabricated setup was prepared and attached to the tip of the horizontal Jack B from one 
side and to the end of the stiff concrete beam on the other sided. This fabricated setup 
allowed recording the lateral load exerted on the wall using only one load cell. The 
horizontal Jack B was then attached to the reaction wall through a thick steel plate and 
strong hinge that allow only vertical rotation of Jack B. The configuration of the setup is 
shown in Fig. 4.74-4.80 
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Figure  4.74 Cyclic test setup. 
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Figure  4.75 Cyclic test setup. 
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Figure  4.76 Cyclic test setup of Wall-1.7 
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Figure  4.77 Cyclic test setup of Wall-1.7 
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Figure  4.78 Loading tip. 
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Figure  4.79 Loading tip. 
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Figure  4.80 Loading tip. 
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As mentioned before, three walls was tested in the study. Tow to of the walls were tested 
without any strengthen. The last wall was strengthen with CFRP. The axial stress exerted 
on the walls are shown in table 4.15.  
Table  4.15 Variables used in this study. 
Name Axial stress (MPa) Reinforcement 
Wall-1.35 1.35 No 
Wall-1.7 1.7 No 
Wall-2.0 2.0 Yes 
 
It has to be mentioned that, wall-1.35 was a trial test as it was the first test to be conducted 
in this study. The test have experienced many interruptions, misreading and unexpected 
mistakes. The results of this test was not taken as a guidance to the overall all result of the 
whole study. It will be presented here as an indication of the overall behavior of the wall 
as well. 
Loading was exerted slowly with a rat of 1.0 KN/s. The wall was then subjected to a cyclic 
loading using a displacement control load with a loading rate of 0.05 mm/s. The horizontal 
displacement load was controlled by means of the horizontal LVDT connected to the top 
center of the wall. The lateral loading adopted in this study was based on drift ratio. Table 
4.16 shows the amount of drift ratio that the wall was subjected to and the associated lateral 
displacement.  The lateral displacement measured at the top center of the wall are shown 
in Fig 4.81 
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Table  4.16 Lateral displacement loading 
Cyclic Loading 
No. 
Drift ratio Push Pull 
% mm mm 
1 0.05% 0.5 -0.5 
2 0.10% 1.0 -1.0 
3 0.25% 2.4 -2.4 
4 0.50% 4.9 -4.9 
5 0.75% 7.3 -7.3 
6 1.00% 9.8 -9.8 
7 1.25% 12.2 -12.2 
8 1.50% 14.6 -14.6 
9 2.00% 19.5 -19.5 
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Figure  4.81 Cyclic displacement loading 
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4.6.1 Wall-1.35. 
As mentioned before, the wall under consideration was a trial wall test. Many inconsistent 
results was observed. The process of test, stop, and retest caused considerable damage to 
the wall which in turn affected the behavior as well as the capacity of the wall. In the 
experiment conducted on wall-1.35, the axial load was first exerted so that the axial stress 
is 1.35 MPa (load of 250 KN). After that lateral displacement load was applied to the wall 
through the concrete beam. It has been observed that, first cracks noted in the wall was in 
the lower course of the wall as expected. The wall exhibited high level of rocking behavior. 
This was because of level of axial load was only 13 % of the axial capacity of the wall. 
Cracks started to initiate when more cyclic was exerted on the wall. The diagonal crack in 
the wall was few and they joint together from top to bottom of the wall. Permanent 
deformation was noted when unloading to zero lateral force. The damage development 
within the wall body is shown in Figs 4.82-4.84. 
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Figure  4.82 Damage associated with 4.9 mm push loading, Wall-1.35 
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Figure  4.83 Damage associated with 7.3 mm push loading, Wall-1.35 
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Figure  4.84 Damage associated with 7.3 mm pull loading, Wall-1.35 
It has to be mentioned that because this wall was a trial test, the load data captured during 
the experiment was not correctly captured. Another issue that has to be mentioned is that 
for safety purposes, only 3 cycles out of 10 was executed. Force displacement hysteresis 
of the experiment of Wall-1.35 is shown in Fig 4.85. 
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Figure  4.85 Force displacement hysteresis of wall-1.35. 
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4.6.2 Wall-1.7. 
In experiment conducted on wall-1.7, the axial load was first exerted so that the axial stress 
is 1.7 Mpa (load of 313 KN). After that lateral displacement load was applied to the wall 
through the concrete beam. The test results of this experiment reveals that, walls behavior 
is highly depending on the level of axial load excreted on the wall. It has been observed 
that, first cracks noted in the wall was in the lower course of the wall. These type of cracks 
repressing a form of rocking failure. The evolution of the damage and cracks on the wall 
was continue to take another form in which a diagonal cracks was started to initiate within 
the sandstone brick and also cracks star to initiated in the lime mortar head and bed joints. 
As the lateral force increase, new cracks were developed and also the existing cracks were 
getting wider. At first, lateral resistance of the wall was noted to increase in almost linear 
trend. This indicated that the wall was behaving as a kind of elastic behavior. Very small 
amount of permanent deformation was recorded at the first few cycles. However, when 
lateral load started to increase, cracks and damage started to developed and become more 
pronounced within the wall body. The lateral resistance of the wall was noted to increase 
in slower rate compare to the previous cyclic which indicated that the wall start to approach 
the plateou phase of response. Permanent deformation was noted when unloading to zero 
lateral load. Figs 4.86-4.92 show the wall damage associated with deferent level of lateral 
load. 
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Figure  4.86 Damage associated with 2.4 mm push loading Wall-1.7 
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Figure  4.87 Damage associated with 2.4 mm pull loading Wall-1.7 
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Figure  4.88 Damage associated with 7.3 mm push loading Wall-1.7 
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Figure  4.89 Damage associated with 9.8 mm push loading Wall-1.7 
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Figure  4.90 Damage associated with 9.8 mm push loading (back side) Wall-1.7 
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Figure  4.91 Damage associated with 9.8 mm pull loading Wall-1.7 
197 
 
 
Figure  4.92 Damage associated with 9.8 mm pull loading (back side) Wall-1.7 
It has to be mentioned that only 7 cycles out of 10 was executed. The wall had subjected 
to high level of damage and for the safety issues, the experiment was ended with 7 cycles. 
Complete force displacement hysteresis of the experiment of Wall-1.7 is shown in Fig 
4.93. 
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Figure  4.93 Force-Displacement hysteresis loading of Wall-1.7 
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4.6.3 Strengthening of Masonry Wall. 
As mentioned before, masonry wall when subjected to seismic loading, it will experience 
some damage. To return and rehabilitate walls to function and carry load again, a 
retrofitting process has to be carried out for the walls. 
Several type of retrofitting material and techniques have been adopted and studied by 
various researchers. One of the most common type of reinforcement is the CFRP (Carbon-
Fiber-Reinforced Polymer). This material has a high tensile strength capacity which helps 
the structure regain strength. In this study, CFRP strengthening process for walls has been 
adopted and tested experimentally. The purpose of this study is to evaluate the amount of 
extra strength that is added to the masonry wall due to application of this material. One 
layer of CFRP lamina was attached to the surface of the wall in a diagonal pattern. The 
CFRP lamina was attached to the surface using Sika-Dur 300 Epoxy (Fig. 4.94 ).  
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Figure  4.94 Sika-Dur 300 Epoxy 
The bandwidth of the CFRP lamina was 20 cm. The epoxy was then subjected to dry 
curing process for a period of 24 hours and then after that cyclic loading test was 
conducted. In this experiment, the level of axial force was kept equal to the level of axial 
force in the previous masonry wall. The designation name of this wall was Wall-CFRP-
1.7. Configuration of walls strengthened with CFRP is shown in Fig 4.95-4.97. 
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Figure  4.95 Wall-CFRP-1.7 under test. 
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Figure  4.96 Wall-CFRP-1.7 under test. 
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Figure  4.97 Wall-CFRP-1.7 under test. 
 
The wall was then subjected to cyclic loading similar to that exerted on Wall-1.7. The wall 
exhibit a stiff response in which no cracks was detected within the wall body. The wall 
exhibited rocking behavior in which a longitudinal crack was observe at the lower cores 
on the wall (Figs 4.98 and 4.99).  
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Figure  4.98 Longitudinal crack at the first course of the wall 
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Figure  4.99 Longitudinal crack at the first course of the wall 
It has been noted that the level of lateral strength was high compare to that in Wall-1.7. 
this observation strengthen the idea of reinforcing masonry wall using CFRP 
It has to be mentioned that only 7 cycles out of 10 was executed so that we can compare 
with Wall-1.7. Complete force displacement hysteresis of the experiment of Wall-CFRP-
1.7 is shown in Fig 4.100. 
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Figure  4.100 Cycle response of Wall-CFRP-1.7 
Fig 4.100 shows that walls reinforced with CFRP shows low energy dissipation compare 
to wall without CFRP. This can be attributed to the absence of damage within the wall 
body. 
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5 CHAPTER 5 
COMPUTATIONAL SIMULATION ANALYSIS 
5.1 Introduction. 
As mentioned earlier, two different numerical approaches were adopted in this study. The 
first one is based on continuum approach in which both sandstone and lime mortar were 
modeled as continuum base material. Some of the needed parameters were found form the 
appropriate tests and some others were assumed using the default values. The interaction 
between the two material were assumed to be full bond in which no relative movement 
(separations) in either direction (normal and tangential) was allowed. One of the 
advantages of the continuum base approach is that it allows capturing the cracks within the 
lime mortar. 
The second approach used was the interface approach using surface base cohesive module 
available in ABAQUS. In this approach, the sandstone was modeled as continuum base 
material whereas the lime mortar was modeled as a contact cohesive material with zero 
thickness. 
Effect of axial load on masonry wall has been studied numerically. A generalized behavior 
of masonry wall subjected to different level of axial loading has been extracted and a 
proposed correlation that relate the level of axial load to the lateral resistance of the wall 
has been proposed. 
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For generalization propose, numerical simulation has been conducted for three different 
and independent experimental work  carried out by various researchers. These include: 
 Research work of Demir (2012) 
 Research work completed by Li et al (2005) 
 Research of Vasconcelos (2005) 
All of the above mentioned works were noted to exhibit a common trend in behavior 
and a general correlation has been proposed for combination of axial and lateral loads that 
case failure of masonry walls aspect ratio close to unity. 
 
5.2 Numerical Simulation Conducted for Walls Tested in the Study. 
In this study, two different approaches were adopted, namely, continuum based approach 
and interface approach. Emphasis has been given to the continuum approach because the 
stresses and damage within the mortar body was targeted. 
5.3 Continuum Based Approach 
As mentioned before, continuum based approach was used in this study to assess the 
behavior of the masonry wall subjected to axial and lateral loading. The Plastic Damage 
model incorporated in ABAQUS was used to described the behavior of both sandstone and 
lime mortar material. In this study, the explicit analysis approach was adopted because the 
explicit analysis is much more stable and gives good results compared to standard static 
analysis. The explicit analysis can be used to do quasi-static analysis when the loading 
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time is larger than the vibration period of the structure. Frequency analysis has been carried 
out for the wall to find the natural period of vibration of the wall related to the axial and 
lateral vibration mode. The loading time lower limit was set to be at least three times the 
natural vibration period of the structures to insure that quasi-static analysis was achieved. 
Table 5.1 shows the vibration modes and the associated frequency and natural period of 
the masonry wall. The lateral natural vibration period is associated with the 3th mode (Fig 
5.1) and the axial natural vibration period is associated with 6th mode (Fig 5.2).  
Table  5.1 Mode of vibrations and natural frequencies and period associated with each 
vibration mode. 
Mode of 
Vibration 
Frequency Vibration Period 
HZ Sec 
1 57.74 0.01732 
2 148.24 0.00675 
3 247.86 0.00403 
4 358.69 0.00279 
5 532.73 0.00188 
6 640.15 0.00156 
7 667.28 0.00150 
8 716.38 0.00140 
9 932.21 0.00107 
10 981.90 0.00102 
11 1092.76 0.00092 
12 1243.42 0.00080 
13 1448.26 0.00069 
14 1454.70 0.00069 
15 1497.60 0.00067 
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Figure  5.1 3th mode of vibration (Lateral vibration) 
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Figure  5.2 6th mode of vibration (vertical vibration) 
It is clear form Table 5.1 that each vibration modes has a vibration period way less than 
one second. Based on that, step time in ABAQUS has been set to equal 1 second. 
 
5.3.1 Computational Simulation of Sandstone Masonry Wall. 
As shown in the review of the plastic damage model, several parameters are needed to be 
input in ABAQUS to carry out the simulations. Some of these parameters were found 
experimentally and some others were assumed to be the default values. Table 5.2 gives the 
plastic model parameters associated with sandstone. As seen in the damage model 
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explained in chapter 3, the stress plastic strain for sandstone material is also need in the 
finite element simulation. Fig 5.3 shows the stress plastic strain in both tension and 
compression of sandstone. 
 
Table  5.2 Sandstone Parameters Used in Plastic Damage Model. 
Mass 
Density 
(Tone/mm3) 
Young's 
Modulus 
(Mpa) 
Poisson's
Ratio 
Dilation 
Angle ߰ 
(Degree) 
Eccentricity 
߳ ୠ݂଴/ ୡ݂଴ K 
Viscosity 
Parameter
2.12E-009 27000 0.3 10 0.1 1.16 0.67 0 
 
 
Figure  5.3 Plastic Strain vs Stress in Compression. 
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finite element simulation. Fig 5.4 shows the stress plastic strain in both tension and 
compression of lime mortar. 
 
Table  5.3 Lime Mortar Parameters Used in Plastic Damage Model. 
Mass 
Density 
(Tone/mm3) 
Young's 
Modulus 
(Mpa) 
Poisson's
Ratio 
Dilation 
Angle ߰ 
(Degree) 
Eccentricity 
߳ ୠ݂଴/ ୡ݂଴ K 
Viscosity 
Parameter
1.6E-009 2100 0.25 10 0.1 1.16 0.67 0 
 
 
 
 
Figure  5.4 Plastic Strain vs Stress in Compression. 
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5.3.2 Numerical Simulation of Wall-1.7. 
For wall-1.7, axial stress applied first to the wall similar to the used on in the experiment 
(1.7 Mpa) The lateral loading was a displacement control type. The maximum 
displacement specified in the simulation was 10 mm. The numerical simulation result was 
compared to the experimental one. A comparison between the envelopes of excremental 
cyclic test and numerical cyclic simulation is shown is Fig 5.5. 
 
Figure  5.5 Force Displacement of both Experimental and Numerical Results. 
 
From Fig 5.5, it is clear that, there is a good agreement between the experiment test result 
and the numerical simulation result. The finite element simulation results in a stiffer 
behavior in the elastic range compare to the experimental result. Figs 5.6 and 5.7 show the 
failure mode and cracks pattern developed in wall with different level of strain range. 
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Figure  5.6 Failure mode and crack pattern in the wall after cyclic simulation (large plastic 
strain range) 
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Figure  5.7 Failure mode and crack pattern in the wall after cyclic simulation (low plastic 
strain range). 
It is clear from Figs 5.6 and 5.7 that, almost exact failure mode and crack pattern was 
achieved from numerical simulation compare to the experimental result 
Regarding the stress distribution, Fig 5.8 shows the maximum principle distribution within 
the wall body for the first cycle. It can be seen that the maximum stress follow a diagonal 
path in which the cracks formed. 
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Figure  5.8 Max principle Stress distribution at 0.3 of lateral displacement (Push second 
cycle) 
The maximum principle stress distribution of the consecutive cycles are shown in the 
appendix. The cyclic response of the wall resulted for numerical simulation is shown in 
Fig 5.9. 
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Figure  5.9 Cyclic response of wall resulted from numerical simulation. 
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Figure  5.10 Lateral Strength vs Lateral displacement. 
 
From the curves shown in Fig 5.10, it can be seen that the walls exhibit high ductility when 
the axial pre-compression is small. This ductility decreases as the pre-compression stress 
increases and the walls tend to exhibit brittle failure. It is also clear from the curves that 
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decreases as the axial stress increases. The data relating axial forces associated with lateral 
strengths of the wall is presented in Table 5.4. 
 
Table  5.4 FEM Simulation Results for Normal Stress, Normal Force and Lateral Force 
for Demir Walls. 
Normal 
Stress 
Normal Force-FEM Max shear force 
MPa KN KN 
0 0 2.32 
0.5 100 44.82 
1 200 115.68 
2 400 139.73 
3 600 195.60 
4 800 223.48 
5 1000 254.02 
6 1200 268.06 
7 1400 276.56 
8 1600 276.56 
9 1800 259.08 
10 2000 219.96 
11 2200 198.24 
12 2400 165.66 
13 2600 135.25 
14 2800 75.15 
15 3000 29.41 
15.4 3080 0 
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The data of Table 5.4 has been plotted and is shown in Fig 5.11.  Form a regression fit of 
all data linking the lateral strength of the wall H, coresponding to applied level of pre-
compression P, it becomes appearent that the path trend can be simulated by a parablic 
regression. Similare trend has been reported by Voon (2007). 
 
Figure  5.11 Interaction Relation between Lateral Strength H, and Normal Force P. 
 
The regression correspondence resulting from this analysis relates the lateral capacity H to 
the axial load P on the wall by. 
ܪ	 ൌ	ൌ 	െ0.0001ܲଶ 	൅ 	0.3284ܲ	 ൅ 	27.115																																											ሺ5.1ሻ 
where: 
H is the lateral force at collapse (KN). 
P is the applied normal force on the wall (KN). 
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This relationship may be normalized by taking the ratio of lateral strength to maximum 
lateral force attained (ܪ௠௔௫ ൌ 276.56	ܭܰ) and ratio of axial force applied to maximum 
applied axial force ( ௠ܲ௔௫ ൌ 3080	ܭܰ). Fig 5.12 shows the normalized curve. 
 
Figure  5.12 Interaction Relation Between Normalized Lateral Force and 
Normalized Axial Force. 
 
The regression analysis of this curve results in the following equation: 
ݕ	 ൌ 	െ3.79ݔଶ 	൅ 	3.66ݔ	 ൅ 	0.098																																										ሺ5.2ሻ 
where: 
ݕ ൌ ܪ/ܪ௠௔௫			,				ݔ ൌ ܲ/ ௠ܲ௔௫	 
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When investigating the results of FEM simulation, five failure modes were observed, 
namely sliding, rocking, head/bed joints opening, cracking in bricks, and crashing of wall. 
Figs 5.13-5.16, show these failure modes associated with different level of axial force. 
 
Figure  5.13 Plastic Strain and Failure Mode (0 Axial Stress). (Wall Rocking) 
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Figure  5.14 Plastic Strain and Failure Mode (2.0 MPa Axial Stress). (Wall head/ bed 
Joins Opening and Cracking in Bricks) 
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Figure  5.15 Plastic Strain and Failure Mode (4.0 MPa Axial Stress). 
(Cracking and Crashing in Bricks) 
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Figure  5.16 Plastic Strain and Failure Mode (15 MPa Axial Stress). (Wall Sliding, 
Rocking and Toe Crashing) 
As can be seen in the previous result, the lateral strength of the wall is highly affected by 
the level of axial load. The relationship between lateral strength and axial force is 
investigated more by conducting numerical simulation to walls tested by other researcher. 
 
The stress contour associated with the above mentioned plastic strain cases are shown in 
the appendix. 
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5.4 Computational Simulation of Walls Tested by Other Researchers. 
As mentioned earlier, finite element simulation have also carried out to walls tested by 
other researchers. The interaction diagram between axial and lateral loading were found 
for each of those walls. The goal of this task is to compare the results found in this study 
and other studies so that a strong and general results can be found. Three type masonry 
walls were simulated in this study namely:  
 walls tested by Demir (2012) 
 Walls tested by Li et al (2005) 
 Wall tested by Vasconscelos (2005). 
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5.4.1 Computational Simulation of Demir (2012) Walls. 
As mentioned earlier, Demir (2012), conducted a study to examine the response of 
walls representing an ancient historical mosque in Istanbul (Bayezid II Mosque) to 
seismic loading. In his study, Demir investigated the effect of cyclic loading on a multi-
leaf masonry wall representing the ancient heritage mosque. As shown in Fig 5.17, 
dimensions of the walls were 1.2 by 1.2 m with thickness of 30 cm. Each leaf was built 
with stone, using dry jointing system. 
 
 
Figure  5.17 Geometric Details of Demir (2012) Walls 
 
The walls were subjected to varying pre-compression axial force prior to the application 
of cyclic lateral load. The variables are summarized in Table 5.5. 
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Table  5.5 Variables in Demir’s Experiments 
Wall Sample Blocks Clamped or Not Axial Stress Magnitude (MPa) 
M-25-C Yes 0.25 
M-50-C Yes 0.5 
M-75-C Yes 0.75 
M-100-C Yes 1 
M-50 No 0.5 
 
The experimentally observed lateral load versus lateral displacement was recorded for all 
the walls.  Demir has reported different modes of failure of the walls according to the level 
of axial force. He observed that the walls tended to be stiffer when the axial stress was 
higher. 
In the work presented here, a finite element simulation, using micro-analysis approach, has 
been conducted, taking the full range of axial stress starting from zero up to the full axial 
capacity of the wall. In the FEM simulations, fixed support (Ux=0, Uy=0, and  Uz=0) were 
assumed at the base of the walls. In each case of axial load, monotonic lateral 
displacements and loads have been extracted from the FEM simulations. Uniaxial stress-
plastic stain data for both bricks and rubble in uniaxial compression and tension have been 
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used in the plastic damage model incorporated in an ABAQUS environment. Figs 5.18 and 
5.19 show this data as based on actual testing carried out by Demir. 
 
Figure  5.18 Plastic Strain vs Stress in Compression (Demir, 2012). 
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Figure  5.19 Plastic Strain vs Stress in Tension (Demir, 2012). 
 
Plastic damage model, developed by Lubliner et al. (1989) and adopted in the commercial 
software ABAQUS, needs certain material parameters to be input in carrying out the 
simulations. Some of these parameters were assumed to be the default values and some 
others were based on actual experiments.  These parameters are shown in Table 5.6. 
 
Table  5.6 Parameters Used in Plastic Damage Model. 
Mass 
Density 
(Tone/mm3) 
Young's 
Modulus 
(Mpa) 
Poisson's 
Ratio 
Dilation 
Angle ߰ 
(Degree) 
Eccentricity 
߳ ୠ݂଴/ ୡ݂଴ K 
Viscosity 
Parameter
2.4E-009 3200 0.18 36 0.1 1.16 0.67 0 
 
The lateral loading was a displacement control type. This maximum displacement 
specified in the simulation was 10 mm. In the cases associated with low axial stresses, 
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FEM converged up to the end of maximum lateral displacement of 10 mm. However, when 
axial loads were higher, the lateral displacements, for cases in which the FEM converged, 
were less than 10 mm. Table 5.7 shows the maximum lateral displacements (in which FEM 
converged) associated with the applied axial stress.  
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Table  5.7 Axial Load vs. Lateral Displacement of the FEM Simulation. 
Normal Stress 
(MPa) 
Converged Maximum Lateral 
Displacement 
(mm) 
0 - 2.5* 10 
2.75 8.2 
3 7.2 
3.25 6.6 
3.5 5.1 
3.75 4.2 
4 3.2 
4.25 2.7 
4.5 2 
4.75 1.5 
4.85 0     (no solution) 
     * including of 0.25 MPa 
A total of 20 cases were investigated, corresponding to different axial stress level 
intensities. Due to the high nonlinearity in the problems involved (materials and 
geometry), the finite element analysis took a long time to complete for each case. A 
comparison between cyclic test results of wall subjected to axial loading of 0.5 MPa and 
monotonic FEM simulation results for that wall are as shown in Fig 5.20.  
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Figure  5.20 Lateral Strength vs Lateral displacement (Axial stress =0.5 MPa) 
 
From the results of Fig 5.20, it is clear that there is a good agreement between envelope of 
the experimental cyclic loading and the monotonic finite element simulation. The plastic-
damage model used in the ABAQUS environment captures the softening behavior (which 
is usually difficult to simulate using other nonlinear FEM commercial software codes) of 
the simulated wall up to maximum lateral displacement of 10 mm as recorded during the 
actual experiment.  Fig 5.21 shows the relation between lateral displacement and lateral 
resistance of wall for all different levels of axial load. 
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Figure  5.21 Lateral Strength vs Lateral displacement. 
 
From the curves shown in Fig 5.21, it can be seen that the walls exhibit high ductility when 
the axial pre-compression is small. This ductility decreases as the pre-compression stress 
increases and the walls tend to exhibit brittle failure. It is also clear from the curves that 
the lateral strength increases as the axial stress increases. Initially, this trend is true up to a 
certain level of axial load, following which the walls begin to weaken and lateral resistance 
decreases as the axial stress increases. The data relating axial forces associated with lateral 
strengths of the wall is presented in Table 5.8. 
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Table  5.8 FEM Simulation Results for Normal Stress, Normal Force and Lateral Force 
for Demir Walls 
Normal Stress 
(MPa) 
Normal Force 
(Kn) 
Lateral Force-Exp 
(Demir 2012) 
(Kn) 
Lateral force-FEM 
(Kn) % Difference 
0 0 - 1.9  
0.25 90 54 46.8 13% 
0.5 180 90 84.8 6% 
0.75 270 122.4 117.6 4% 
1 360 136.8 145.5 6% 
1.25 450  168.2  
1.5 540  196.9  
1.75 630  203.8  
2 720  207.3  
2.25 810  211.2  
2.5 900  213.7  
2.75 990  199.3  
3 1080  198.2  
3.25 1170  192.5  
3.5 1260  180.8  
3.75 1350  149.3  
4 1440  120.9  
4.25 1530  87.1  
4.5 1620  42.8  
4.75 1710  5.5  
4.85 1745  0  
 
 
The data of Table 5.8 has been plotted and is shown in Fig 5.22.  Form a regression fit of 
all data linking the lateral strength of the wall H, coresponding to applied level of pre-
compression P, it becomes appearent that the path trend can be simulated by a parablic 
regression. Similare trend has been reported by Voon (2007). 
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Figure  5.22 Interaction Relation between Lateral Strength H, and Normal Force P. 
 
The regression correspondence resulting from this analysis relates the lateral capacity H to 
the axial load P on the wall by. 
ܪ	 ൌ 	െ0.0003ܲଶ 	൅ 	0.4903ܲ	 ൅ 	5.1917																																											ሺ5.3ሻ 
where: 
H is the lateral force at collapse (KN). 
P is the applied normal force on the wall (KN). 
y = -0.0003x2 + 0.4903x + 5.1917
R² = 0.995
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This relationship may be normalized by taking the ratio of lateral strength to maximum 
lateral force attained (ܪ௠௔௫ ൌ 213.7	ܭܰ) and ratio of axial force applied to maximum 
applied axial force ( ௠ܲ௔௫ ൌ 1745	ܭܰ). Fig 5.23 shows the normalized curve. 
 
Figure  5.23 Interaction Relation Between Normalized Lateral Force and 
Normalized Axial Force. 
 
The regression analysis of this curve results in the following equation: 
ݕ	 ൌ 	െ4.0635ݔଶ 	൅ 	4.0033ݔ	 ൅ 	0.0243																																										ሺ5.4ሻ 
where: 
ݕ ൌ ܪ/ܪ௠௔௫			,				ݔ ൌ ܲ/ ௠ܲ௔௫	 
 
y = -4.0635x2 + 4.0033x + 0.0243
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When investigating the results of FEM simulation, five failure modes were observed, 
namely sliding, rocking, head/bed joints opening, cracking in bricks, and crashing of wall. 
Figs 5.24-5.27, show these failure modes associated with different level of axial force. It 
has to be noted that displacements shown in Figs 5.24-5.27 have been amplified by factor 
of 10. 
 
Figure  5.24 Plastic Strain and Failure Mode (0 Axial Stress). (Wall Rocking) 
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Figure  5.25 Fig 5.25. Plastic Strain and Failure Mode (1.0 MPa Axial Stress). (Wall head/ 
bed Joints Opening and Cracking in Bricks) 
 
Figure  5.26 Plastic Strain and Failure Mode (2.0 MPa Axial Stress). (Wall head/ bed 
Joins Opening and Cracking in Bricks) 
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Figure  5.27 Plastic Strain and Failure Mode (4.0 MPa Axial Stress). 
(Cracking and Crashing in Bricks) 
 
242 
 
5.4.2 Computational Simulation of Li et al (2005) Walls. 
The second finite element simulation has been done to the wall tested by Li, et al (2005). 
In his study, Li et al, investigated behavior of masonry concrete walls subjected to diagonal 
loading. They also investigated the effect of NSM (near surface mounted) reinforcement 
using GFRP and stainless steel bars on the strength of masonry walls.  
 
 In this study, finite element simulations have been conducted on this type of concrete 
masonry walls. The loading types adopted in this study are axial and lateral loading in 
which the effect is similar to that when diagonal loading is used. Finite element simulation 
has been conducted for this type of walls using all range of axial loading starting from zero 
up to the full axial capacity of the wall so that the interaction between axial and lateral 
loading can be extracted. The walls geometry adopted by Li was 1625 mm x 1625 mm x 
152 mm. The concrete masonry units had dimensions of 406 mm x 203 mm x 152 mm. A 
type N mortar (ASTM C270) was used to build the walls. The dimensions and 
configurations of the units and wall are shown in Fig 5.28 
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Figure  5.28 Geometry and configuration of Li (2005) walls. 
 
In this study, finite element analysis, using micro-analysis approach, have been conducted 
to Li’s wall by applying pre-compression axial force to each analysis and then applying 
lateral displacement at the top of the wall. In the FEM simulations, fixed support (Ux=0, 
Uy=0, and  Uz=0) were assumed at the base of the walls. The lateral load versus lateral 
displacement has been extracted from the finite element simulation. Plastic-Damage model 
available in ABAQUS is also adopted in the simulations. The materials used in the walls 
are concrete (concrete brick units) and mortar (head/bed joints between bricks). Both 
materials have been considered as a continuum media and simulated using continuum 
damage model. The material properties available in Li’s paper are only the concrete and 
mortar ultimate compression strengths. Other needed data are extracted and calculated 
1625 ݉݉
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152 ݉݉
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152	݉݉ 
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based on ACI formulas and others were assumed. The stress plastic strain values needed 
in the damage model incorporated in ABAQUS environment are shown in Fig 5.29 and 
5.30. 
 
 
Figure  5.29 Plastic Strain vs Stress in Compression. 
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Figure  5.30 Plastic Strain vs Stress in Tension. 
 
Plastic damage model, developed by Lubliner et al. (1989) and adopted in the commercial 
softwera ABAQUS, needs certain material parameters to be used in simulation. Some of 
these parameters were assumed to be the default values and some others were calculated 
based on ACI.  These parameters are shown in Table 5.9. 
Table  5.9 Parameters Used in Plastic Damage Model. 
Mass 
Density 
(Tone/mm3) 
Young's 
Modulus 
(Mpa) 
Poisson's 
Ratio 
Dilation 
Angle ߰ 
(Degree) 
Eccentricity 
߳ ୠ݂଴/ ୡ݂଴ K 
Viscosity 
Parameter
2.4E-009 19264 0.2 36 0.1 1.16 0.67 0 
 
A monotonic displacement loading was adopted in the simulations with 10 mm maximum 
lateral displacement. In the cases associated with low axial stresses, FEM converged up to 
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the end of maximum lateral displacement of 10 mm. However, when axial loads were 
higher, the lateral displacements, for cases in which the FEM converged, were less than 10 
mm. Table 5.10 shows the maximum lateral displacements (in which FEM converged) 
associated with the applied axial stress.  
Table  5.10 Axial Load and Lateral Displacements of the FEM Simulation. 
Normal Stress 
(MPa) 
Converged Maximum Lateral 
Displacement 
(mm) 
0 – 4.0 10 
4.5 6.5 
5 6 
5.5 6 
6 6 
6.5 6 
7 5 
7.5 2.5 
8 1.5 
8.47 0    (No solution) 
 
A total of 21 cases were investigated corresponding to different axial stress level. Due to 
high nonlinearity involved in the problems (materials, geometry, and interaction), the finite 
element analysis took a long time to complete for each case. The plastic-damage model 
used in the ABAQUS environment captures the softening behavior (which is usually 
difficult to simulate using other nonlinear FEM commercial software codes) of the 
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simulated wall up to maximum lateral displacement of 10 mm as recorded during the actual 
experiment.  
Fig. 5.31 shows the relation between lateral displacement and lateral resistance of wall for 
all different levels of axial load. 
 
Figure  5.31 Lateral Strength vs Lateral displacement (Li walls). 
 
From the curves shown in Fig. 5.31, it can be seen that the walls exhibit high ductility 
when the axial pre-compression is small. This ductility decreases as the pre-compression 
0
50
100
150
200
250
0 2 4 6 8 10 12
La
te
ra
l S
tr
en
gt
h 
(K
N
)
Lateral Displacement (mm)
Shear Force Vs Lateral Displacement (Li walls).
Normal Stress = 0
Normal Stress = 0.25 Mpa
Normal Stress = 0.5 Mpa
Normal Stress = 0.75 Mpa
Normal Stress = 1.0 Mpa
Normal Stress = 1.25 Mpa
Normal Stress = 1.5 Mpa
Normal Stress = 1.75 Mpa
Normal Stress = 2.0 Mpa
Normal Stress = 2.50 Mpa
Normal Stress = 3.0 Mpa
Normal Stress =3.5 Mpa
Normal Stress = 4.0 Mpa
Normal Stress = 4.5 Mpa
Normal Stress = 5.0 Mpa
Normal Stress = 5.5 Mpa
Normal Stress = 6.0 Mpa
Normal Stress = 6.5 Mpa
Normal Stress = 7.0 Mpa
Normal Stress = 7.5 Mpa
Normal Stress = 8.0 Mpa
248 
 
stress increases and the walls tend to exhibit brittle failure. It is also clear from the curves 
that the lateral strength increases as the axial stress increases. Initially, this trend is true up 
to a certain level of axial load, following which the walls begin to weaken and lateral 
resistance decreases as the axial stress increases. The data relating axial forces associated 
with lateral strengths of the wall is presented in Table 5.11. 
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Table  5.11 FEM Simulation Results for Normal Stress, Normal Force and Lateral Force 
for Li Walls 
Normal Stress 
(MPa) 
Normal Force 
(Kn) 
Lateral Force-FEM 
(Kn) 
0 0 4.3 
0.25 81.5 34.6 
0.5 163 56.2 
0.75 244.5 82.7 
1 326 109.4 
1.25 407.5 132.5 
1.5 489 145.9 
1.75 570.5 173.9 
2 652 176.9 
2.5 815 205.3 
3 978 205.1 
3.5 1141 214.3 
4 1304 212.5 
4.5 1467 200.8 
5 1630 193.3 
5.5 1793 180.7 
6 1956 171.7 
6.5 2119 154.5 
7 2282 118.9 
7.5 2445 68.1 
8 2608 40.7 
8.47 2763 0 
The data of Table 5.11 has been plotted and is shown in Fig 5.32.  Form a regression fit of 
all data linking the lateral strength of the wall H, coresponding to applied level of pre-
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compression P, it becomes appearent that the path trend can be simulated by a parablic 
regression. Similare trend has been reported by Voon (2007). 
 
Figure  5.32 Interaction Relation between Lateral Strength H, and Normal Force P. 
 
The regression correspondence resulting from this analysis relates the lateral capacity H to 
the axial load P on the wall by. 
 
ܪ	 ൌ 	െ0.0001ܲଶ 	൅ 	0.2968ܲ	 ൅ 	20.204																																													ሺ5.5ሻ 
where: 
H is the lateral force at collapse (KN). 
P is the applied normal force on the wall (KN). 
y = -0.0001x2 + 0.2968x + 20.204
R² = 0.9774
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This relationship may be normalized by taking the ratio of lateral strength to maximum 
lateral force attained (ܪ௠௔௫ ൌ 214.3	ܭܰ)  and ratio of axial force to maximum applied 
axial force ( ௠ܲ௔௫ ൌ 2763	ܭܰ). Fig 5.33 shows the normalized curve. 
 
Figure  5.33 Interaction Relation between Normalized Lateral Force and 
Normalized Axial Force. 
 
 
The regression analysis of this curve results in the following equation: 
ݕ	 ൌ 	െ3.9729ݔଶ 	൅ 		3.8256ݔ	 ൅ 	0.0943																																													ሺ5.6ሻ 
 
where: 
ݕ ൌ ܪ/ܪ௠௔௫			,				ݔ ൌ ܲ/ ௠ܲ௔௫	 
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When investigating the results of FEM simulation, five failure modes were observed, 
namely sliding, rocking, head/bead joints opening, cracking in bricks, and crashing of wall. 
Figs 5.34-5.37, show these failure modes associated with different level of axial force. It 
has to be noted that displacements shown in Figs 5.34-5.37 have been amplified by factor 
of 10. 
 
 
Figure  5.34 Plastic Strain and Failure Mode (0 MPa Axial Stress). (Wall Rocking) 
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Figure  5.35 Plastic Strain and Failure Mode (2.0 MPa Axial Stress). (Wall head/ bed 
Joins Opening and Cracking in Bricks) 
 
 
Figure  5.36 Plastic Strain and Failure Mode (4.0 MPa Axial Stress). (Wall Bricks 
Cracking and Crushing) 
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Figure  5.37 Plastic Strain and Failure Mode (6.0 MPa Axial Stress). (Wall Bricks 
Cracking and Crushing) 
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5.4.3 Simulation of Walls Tested by Vasconcelos (2005). 
The third finite element study has been done to the walls tested by Vasconscelos in her 
PhD work. In her study, Vasconscelos studied the effect of cyclic loading on different 
kinds of masonry walls. She investigated walls made of granite (representing the main 
material used for constructing the historical strictures). Three main categories of walls 
have been investigated: 
 WS walls which are composed of units with regular shape and dimensions and dry 
joints. 
 WI walls which consist of the assembly of irregular hand-cut units with similar 
shape but variable dimensions with low strength mortar filling in the head and bed 
joints 
 WR rubble masonry walls which are composed by units with variable shape and 
dimensions randomly assembled with low strength mortar 
Vasconscelos tested masonry walls of 1200 mm height X 1000 mm width, corresponding 
to a height to length ratio of 1.2. The walls thicknesses were 200 mm. The adopted 
dimensions for the walls and stone units are about 1:3 scale for single leaf walls found in 
the northern region of Portugal. Fig 5.38 bellow shows schematic representation of the 
three types of walls. 
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Figure  5.38 Geometry and bond details of Vasconscelos walls; (a) sawn stone units walls, 
WS; (b) irregular walls, WI; (c) rubble walls, WR 
 
n the simulation study, finite element simulations have been conducted to WS wall only 
using all range of axial loading staring with zero axial loading up to full axial capacity of 
the wall so that the interaction between axial and lateral loading can be extracted. As 
mentioned before, the walls were 1200 mm X 1000 mm X 200 mm. The granite masonry 
units had dimensions of 200 mm X 150 mm X 200 mm (Fig 5.39). 
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Figure  5.39 Geometry and bond details of sawn stone walls, WS; (Vasconscelos walls)  
 
As mentioned before, WS walls are composed of units with regular shape and dimensions 
and dry joints. In the FEM analysis, granite stone has been considered as a continuum 
media and simulated using continuum damage model. The stress plastic strain values 
needed in the damage model incorporated in ABAQUS are as shown in Figs 5.40 and 5.41. 
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Figure  5.40 Plastic Strain vs Stress in Compression (Vasconscelos walls). 
 
 
Figure  5.41 Plastic Strain vs Stress in Tension (Vasconscelos walls). 
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Plastic damage model, developed by Lubliner et al. (1989) and adopted in the commercial 
softwera ABAQUS, needs certain material parameters to be used in simulation. Some of 
these parameters were assumed to be the default values and some others were calculated 
based on ACI.  These parameters are shown in Table 5.12. 
Table  5.12 Parameters Used in Plastic Damage Model. 
Mass 
Density 
(Tone/mm3) 
Young's 
Modulus 
(Mpa) 
Poisson's 
Ratio 
Dilation 
Angle ߰ 
(Degree) 
Eccentricity 
߳ ୠ݂଴/ ୡ݂଴ K 
Viscosity 
Parameter
2.6E-009 20200 0.2 36 0.1 1.16 0.67 0 
 
In her study, Vascolncelos tested the WS walls under both cyclic and monotonic loading. 
Three WS walls were tested under monotonic lateral loading. The axial stresses that were 
exerted on the walls were 0.5, 0.875 and 1.25 Mpa for each wall. The lateral displacement 
verses lateral strength of the walls has been recorded. Fig 5.42 bellow shows the behavior 
of the walls under the mentioned loads. 
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Figure  5.42 Monotonic force-displacement diagrams of walls WS under distinct pre-
compression levels (Vasconscelos walls). 
In this study, finite element simulations have been conducted to the WS walls. Axial 
stresses applied to the walls were starting from zero axial stress up to the full axial capacity 
of the wall. Fig 5.43 shows results of finite element simulation and the experimental results 
for those WS walls that were tested under monotonic loading. 
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Figure  5.43 Lateral Strength vs Lateral displacement (Vasconscelos walls). 
 
From Fig 5.43, it is clear that there is a good agreement between the experimental results 
and the FEM results. 
As mentioned before, the walls have been subjected to a pre-compression axial force of 
taking the full range starting from zero up to full axial capacity of the wall. The lateral load 
verses lateral displacement has been extracted from the finite element simulation. 
Following are the axial stresses and lateral displacements cases that have been investigated 
using finite element.  
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Table  5.13 Axial load and Lateral displacements of Vasconscelos walls. 
Normal Stress 
(MPa) 
Max lateral displacement 
(mm) 
0.2 10 
0.5 40 
0.875 40 
1.25 40 
2 10 
3 10 
4 10 
6 10 
8 4.5 
9 2.6 
11 1.9 
12 3.0 
13 3.0 
14 1.9 
15 2.7 
16 1.4 
17 1.5 
18 1.0 
19 0 
 
A total of 19 simulations have been conducted in which axial stress is different in each 
simulation. The simulations took a long duration to complete. 
From the analysis of all load cases mentioned in Table 5.13, the results of this simulation 
also reveal that, the interaction between axial force and lateral resistance follow a parabolic 
curve. Fig 5.44 shows lateral displacement verses lateral force of walls simulated using 
finite element. 
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Figure  5.44 Lateral Strength vs Lateral displacement (Vasconscelos walls). 
 
From the curves above, it is clear that the walls exhibit high ductility when the axial force 
is low. This ductility decreases as the pre-compression stress increases and the walls tend 
the exhibit brittle failure. It is also clear from the curves that the lateral strength increases 
as the axial stress increases. This trend is true up to certain level after which the walls 
begin to weaken and lateral resistance decreases as the axial stress increases. The data 
relating axial forces and lateral strengths of the walls are presented in Table 5.14: 
Table  5.14 Axial load, axial force and Maximum shear force (Vasconscelos walls). 
0
50
100
150
200
250
300
0 2 4 6 8 10
Sh
ea
r 
St
re
ng
th
 (K
N
)
Lateral Displacement (mm)
Normal Stress=0 Mpa-FEM
Normal Stress=0.2 Mpa-FEM
Normal Stress=0.5 Mpa-FEM
Normal Stress=0.875 Mpa-FEM
Normal Stress=1.25 Mpa-FEM
Normal Stress=2 Mpa-FEM
Normal Stress=3 Mpa-FEM
Normal Stress=4 Mpa-FEM
Normal Stress=6 Mpa-FEM
Normal Stress=8 Mpa-FEM
Normal Stress=9 Mpa-FEM
Normal Stress=11 Mpa-FEM
Normal Stress=12 Mpa-FEM
Normal Stress=13 Mpa-FEM
Normal Stress=14 Mpa-FEM
Normal Stress=15 Mpa-FEM
Normal Stress=16 Mpa-FEM
Normal Stress=17 Mpa-FEM
Normal Stress=18 Mpa-FEM
264 
 
Normal stress 
(MPa) 
Normal Force 
(Kn) 
Lateral Strength-Exp
(Kn) 
Lateral Strength-FEM 
(Kn) 
0 0  0.017 
0.2 40 16.05 17.11 
0.5 100 37.23 36.09 
0.875 175 63.51 59.13 
1.25 250 85.84 79.10 
2 400  122.96 
3 600  179.15 
4 800  228.03 
6 1200  242.41 
8 1600  246.70 
9 1800  256.64 
11 2200  218.89 
12 2400  225.23 
13 2600  228.03 
14 2800  240.97 
15 3000  215.41 
16 3200  182.43 
17 3400  120.30 
18 3600  47.50 
19 3800  0 
 
 
This data has been plotted as shown in Fig 5.45. 
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Figure  5.45 Lateral Shear Strength vs Normal force (Vasconscelos walls). 
 
It is clear from Fig 5.45 above that the relationship between axial force and lateral strength 
of the wall follows a parabolic curve. A regression analysis has been done for the data 
collected from the simulation. The formula result from this analysis is: 
ܪ	 ൌ 	െ0.00007ܲଶ 	൅ 		0.2676ܲ	 ൅ 	17.233																																			ሺ5.7ሻ 
This curve has been normalized by dividing lateral forces by maximum lateral force and 
axial forces by maximum axial force. The result of the curve is shown in Fig 5.46. 
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Figure  5.46 Normalized Lateral Shear Strength vs Normalized Axial Force (Vasconscelos 
walls). 
 
Normalizing Eq 5.7 results in the following equation: 
ݕ	 ൌ 	െ3.913ݔଶ 	൅ 		3.8919ݔ	 ൅ 	0.0841																																							ሺ5.8ሻ 
Where: 
ݕ ൌ ܪܪ௠௔௫ 			ܽ݊݀					ݔ ൌ
ܲ
௠ܲ௔௫
	 
 
When investigating the results of FEM simulation, five failure modes were observed, 
namely sliding, rocking, head/bead joints opening, cracking in bricks, and crashing of wall. 
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Figs 5.48-5.51, show these failure modes associated with different level of axial force. It 
has to be noted that displacements shown in Figs 5.47-5.50 have been amplified by factor 
of 10. 
 
Figure  5.47 Plastic Strain and Failure Mode (0 MPa Axial Stress). (Wall Sliding) 
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Figure  5.48 Plastic Strain and Failure Mode (2.0 MPa Axial Stress). (Wall head/ bed 
Joins Opening and Toe Crushing) 
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Figure  5.49 Plastic Strain and Failure Mode (6.0 MPa Axial Stress). (Wall Bricks 
Cracking and Crushing) 
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Figure  5.50 Plastic Strain and Failure Mode (16.0 MPa Axial Stress). (Wall Bricks 
Cracking and Crushing) 
 
The stress contour associated with the above-mentioned plastic strain cases are shown in 
the appendix. 
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5.5 Generalized Interaction Diagram 
As shown in the above analysis of all walls simulated, the relationship between axial force 
and lateral strength follows parabolic curves. The normalized equations of these walls 
seem to be similar. The normalized interaction curves of all walls type are gathered in one 
curve. The results are shown in Fig 5.51. 
 
Figure  5.51 Normalized Lateral Shear Strength vs Normalized Axial Force curves 
(Sandstone, Demir, Li and Vasconscelos walls). 
Regression analysis has been done to all data to get a one general normalized equation. 
The regression and fitted curve are shown in the Fig 5.52. 
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Figure  5.52 Normalized Lateral Shear Strength vs Normalized Axial Force (Sandstone, 
Demir, Li and Vasconscelos walls). 
The normalized general equation is: 
ܣݏݏݑ݉݅݊݃	ݕ ൌ ܪܪ௠௔௫ 			ܽ݊݀					ݔ ൌ
ܲ
௠ܲ௔௫
	 
࢟	 ൌ 	െ૜. ૢ૜ૢ૞࢞૛ 	൅ 	૜. ૡ૟૜ૠ࢞	 ൅ ૙. ૙ૠ૝૝													ሺ૞. ૢሻ				 
This equation is very similar to Eqs 5.2, 5.4, 5.6, and 5.8 of all normalized interaction 
curves of all walls simulated above. This equation can extend to be used for any masonry 
wall subjected to in-plane loading. An analysis and design procedure can be proposed 
using this generalized normalized interaction equation. 
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5.6 Mechanistic Approach for Predicting Behavior of Masonry Wall. 
This behavior has been reported indirectly by some researchers. The main theory that they 
used is the bending and static equilibrium theory to find the maximum lateral capacity of 
the wall. 
Abrams (1992) from University of Illinois has investigated the behavior of unreinforced 
masonry element. In his work, Abrams performed an experimental study on five walls 
specimens. Each one the walls was subjected to axial stress. As he reported, the axial stress 
applied on the five walls was ranging from 0.52 Mpa up to 0.99 Mpa. The results showed 
that, substantial increase in lateral strength could exist past initial crack whether it be for 
older walls tested with force that increased monotonically, or failure of for newer walls 
subjected to repeated and reversed cyclic lateral forces. 
Abrams used the bending theory and static equilibrium to find the lateral capacity of the 
wall. Fig 5.53 shows the basic assumption the he used in his analysis. 
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Figure  5.53 Free body diagram of wall cracked at base. 
In our study, we used the equation that Abrams (1992) used to verify his result. The static 
equilibrium equation using bending theory is as follows: 
ܪ ൌ ܲ3ܾ݄	 ௠݂௔௫ ൬
3ܾܮ
2 ௠݂௔௫ െ 2ܲ൰																																																									ሺ5.10ሻ 
  
This equation has been derived based on three assumptions: 
 The material behavior is linear, 
 The wall self-weight is not considered 
 Beam bending theory is applicable. 
This means that when applied normal axial force P is zero, the lateral resistance force of 
the wall H is zero. In order to account for the self-weight of the wall, this equation can be 
reformulates as follows: 
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ܪ ൌ ሺܲ ൅ ଴ܲሻ3ܾ݄	 ௠݂௔௫ ൬
3ܾܮ
2 ௠݂௔௫ െ 2ሺܲ ൅ ଴ܲሻ൰																																														ሺ5.11ሻ 
Where: 
H is the lateral horizontal strength force of the wall. 
P is the external applied normal force on the wall 
௠݂௔௫ is the maximum axial capacity of the wall. 
଴ܲ is the total weight of the wall 
L is the width of the wall 
h is the height of the wall 
b is the thickness of the wall. 
This equation can be normalized using the maximum horizontal force and maximum axial 
force that can be carried by the wall. The maximum horizontal and axial forces are shown 
in Eqs, 5.12 and 5.13 
ܪ௠௔௫ ൌ 3ܾܮ
ଶ ௠݂௔௫
32݄ 																																																																					ሺ5.12ሻ 
௠ܲ௔௫ ൌ 3ܾܮ ௠݂௔௫ െ 4 ଴ܲ4 																																																												ሺ5.13ሻ 
To compare our result with the result coming from Abrams approach, we can apply the 
above equations to the four wall cases mentioned above (sandstone wall, Demir wall, Li 
wall, and Vasconcelos wall). Important note has to be taken into consideration when using 
the above equations which is that these equations have been derived based on the 
assumptions that the material behavior is elastic linear. This means that for high axial load, 
these equations are not applicable because the material of the wall goes in the nonlinear 
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phase of its behavior. Excluded the last part of the curve represents the above equations 
we will get the following results: 
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5.6.1 Sandstone Wall. 
ܮ ൌ 1.0	݉, ݄ ൌ 1.0݉, ܾ ൌ 0.2݉, ௠݂௔௫ ൌ 22.2	ܯ݌ܽ 
 
Figure  5.54 Normalized Lateral Shear Strength vs Normalized Axial Force using Abrams 
approach (Sandstone walls). 
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5.6.2 Demir Experiments 
ܮ ൌ 1.2	݉, ݄ ൌ 1.2݉, ܾ ൌ 0.3݉, ௠݂௔௫ ൌ 4.8	ܯ݌ܽ 
 
Figure  5.55 Normalized Lateral Shear Strength vs Normalized Axial Force using Abrams 
approach (Demir walls). 
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5.6.3 Li Experiments 
ܮ ൌ 1.625	݉, ݄ ൌ 1.625݉, ܾ ൌ 0.2݉, ௠݂௔௫ ൌ 8.47	ܯ݌ܽ 
 
Figure  5.56 Normalized Lateral Shear Strength vs Normalized Axial Force using Abrams 
approach (Li walls). 
 
 
  
y = -4x2 + 3.9735x + 0.0132
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5.6.4 Vasconcelos Experiments: 
ܮ ൌ 1.0	݉, ݄ ൌ 1.2݉, ܾ ൌ 0.3݉, ௠݂௔௫ ൌ 19	ܯ݌ܽ 
 
Figure  5.57 Normalized Lateral Shear Strength vs Normalized Axial Force using Abrams 
approach (Vasconcelos walls). 
 
If we plot the data results from the simulation of walls, we will get Fig 5.58. 
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Figure  5.58 Normalized Lateral Shear Strength vs Normalized Axial Force using Abrams 
approach (Sandstone, Demir, Li, and Vasconcelos walls). 
 
From the above results, it is clear that the interaction equation between normal and lateral 
forces is: 
ܣݏݏݑ݉݅݊݃	ݕ ൌ ܪܪ௠௔௫ 			ܽ݊݀					ݔ ൌ
ܲ
௠ܲ௔௫
	 
 
ݕ	 ൌ 	െ4.011ݔଶ 	൅ 3.9774ݔ ൅ 0.0142																																													ሺ5.14ሻ 
 
Plotting equations 5.9 and 5.14, we will get the following curves: 
y = -4.011x2 + 3.9774x + 0.0142
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Figure  5.59 Normalized Lateral Shear Strength vs Normalized Axial Force using both 
FEM analysis and Abrams approach (Sandstone Demir, Li, and Vasconcelos walls). 
 
It is clear that there is a good agreement between the two equations resulted from both 
finite element analysis and the static equilibrium equation investigated by Abrams. The 
deference between them may be attributed to bending theory adopted in static equilibrium 
equation. It is clear that the walls have a big value of width/length ration. This high ration 
means that the bending theory is not any more accurate to be used for describing the wall 
behavior. 
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In general, if we exclude the first part of the curves, the average differences between the 
two curves is with the range 2-3% which means that there is a good agreement between 
the interaction equations result from two deferent approaches. 
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5.7 Interface Modeling Approach. 
As mentioned before, two different approach was adopted in this study. The first approach 
was continuum-based approach in which both sandstone and lime mortar was modeled as 
continuum material. The interface between the two material was assumed perfect bond. 
The second approach was an interface base approach. In this approach the head joints 
behave totally under cohesive action while the bed joints behave under pure friction. This 
approach is valid because of the fact that in the vertical direction the head joints are only 
subjected to baling stress without any friction effect. In the bead joints however, two 
diffident sources of strength are acting. The first one is the friction reaction. This friction 
force is high due to the high value of the coefficient of friction and also due to the nature 
of axial loading on the wall. Another source of strength in the bed joints is the shear 
cohesive. The shear cohesive in the bead joints is very low because of the low fracture 
energy in the tangential direction. Based on that only, only friction action has been adopted 
in the bead joints. The sandstone was modeled as continuum material. In 
ABAQUS/Explicit, the surface-base-cohesive approach was adopted to model the 
cohesive behavior of the head joints. Surface based cohesive behavior is primarily intended 
for situations in which the interface thickness in negligibly small. In this surface-based 
behavior adopted in this model, the contacted surfaces are the surfaces of the adjacent 
bricks themselves which means that, the lime mortar thickness have been assumed to be 
zero as the nature of the surface-based cohesive behavior suggested.  
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Due the n nature of surface based behavior, the lime mortar thinness was assumed zero. 
The traction separation behavior is the main property that is needed to define the interface 
response.  
In this model, the separation starts to accrue when the traction applied on the surface 
reaches the maximum traction property of the interface. After that, damage evolution 
controls the final separation of the surfaces.  
In this study, a monotonic simulation was conducted on sandstone wall for the comparison 
purposes with continuum-based approach. Simulation using interface approach was done 
to Wall-1.7 with only monotonic loading. Table 5.15 shows the parameters adopted in this 
study. 
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Table  5.15 Parameters adopted in the interface modeling approach. 
Item value 
Friction coefficient 0.7 
D
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n 
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es
 Normal peak traction 0.3 
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e 
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es
 
Normal Fracture Energy 0.0015 
Power law exponent 2.284 
 
The force displacement curve is shown in Fig. 5.60. 
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Figure  5.60 Compression between experimental and both continuum based and interface 
based numerical approaches. 
As can be seen from Fig 5.60 there is a good agreement between the continuum based 
approach, interface approach and experimental results. The interface approach predicts 
little stronger response of the wall compare to the continuum based approach and 
experimental results. The initial stiffness of the wall is also higher in the case of interface 
approach compare to other results. 
Regarding the crack pattern of the wall, the interface approach predict the cracking pattern 
of the wall quite well. The damaged captured using this approach is shown in Fig 5.61. 
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Figure  5.61 Crack Pattern in Wall Simulated Using Interface Based Approach 
From Fig 5.61, it is clear that the interface approach predict the crack pattern quite well 
compare to experimental results. The stress contour related to this case is shown in Fig 
5.62. 
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Figure  5.62 maximum principles stress (interface modeling, 1.7.0 MPa axial stress). 
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5.8 CFRP Strengthen 
As mentioned before, masonry walls need to be strengthened and retrofitted to withstand 
any seismic loading that can destroy them. Several technique have been prosed to strength 
and retrofit that masonry walls. Among these technique is the CFRP. In this study, the 
effects of strengthening of walls with carbon fibre reinforced plastics (CFRP) sheets was 
investigated numerically to walls tested by Demir (2012). The wall strengthened with 
CFRP was modelled in an ABAQUS environment. Only one axial load case in which the 
wall is subjected to 0.5 MPa axial loading was studied. 
The Plastic damage model parameters for the wall are same as those presented in Figs 5.18 
and 5.19 and Table 5.6. The CFRP properties adopted in this study are shown in Table 
5.16. 
 
The CFRP sheet used in this study is a SikaWrap-230C, which is a woven carbon fiber 
fabric recommended for structural strengthening and improved seismic performance of 
masonry walls. The SikaWrap-230C uses mid-strength unidirectional carbon fibers. The 
laminate itself is of thickness 1 mm impregnated with Sikadur-330 epoxy. In this study, 
only one CFRP laminate of thickness 1.0 mm and a width of 50 mm were used. The CFRP 
laminate stripes were placed in both sides of the wall and extended vertical and horizontal 
though the whole dimensions of the wall. It should be mentioned that, the subscripts in 
Table 5.16 represent the principal material directions of the CFRP lamina. The wall 
reinforced with CFRP is shown in Fig 5.63. 
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Table  5.16 Proprieties of CFRP lamina. 
ܧଵ 
(MPa) 
ܧଶ 
(MPa) ߥଵଶ 
ܩଵଶ 
(MPa) 
ܩଵଷ 
(MPa) 
ܩଶଷ 
(MPa) 
ߪ௨ 
(MPa) 
28000 2800 0.25 5000 5000 5000 350 
 
 
Figure  5.63 Pattern of CFRP lamina on both sides of the wall 
 
The lateral loading was a displacement control type. This maximum transverse 
displacement specified in the simulation was 10 mm. Experimental and numerical results 
for lateral load-displacement are shown in Fig 5.64. It can be seen that the wall lateral load 
response was enhanced 16% as a result of reinforcing with CFRP.  
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Figure  5.64 Lateral Response of the Wall with Axial Stress of 0.5 Mpa 
A comparison of stress and deformation patterns (at drift=10 mm) between unreinforced 
and reinforced masonry walls is shown in Figs. 5.65 to 5.70. It can be seen from Figs . 
5.65 to 5.70 that the failure mode of the wall has changed. In the URM case, failure 
resulted due to rocking and separation at lower base course levels driven by peeling tensile 
stress on one side, whereas the other side exhibited high compression/shear  driven damage 
at the lower base course levels. 
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Figure  5.65 Stress (S11) in the Bricks (URM) 
 
Figure  5.66 Stress (S11) in the Bricks (RM) 
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Figure  5.67 Stress (S22) in the Bricks (URM) 
 
Figure  5.68 Stress (S22) in the Bricks (RM) 
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Figure  5.69 Stress (S12) in the Bricks (URM) 
 
 
Figure  5.70 Stress (S12) in the Bricks (RM) 
For the CFRP reinforced wall, it can be seen that the left side of the wall was prevented 
from excessive rocking and bed course separation was minimized. Head joint separation 
was also reduced significantly. The reinforced wall retained the integrity up to the 
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maximum drift level. The stress distribution in CFRP in reinforced masonry wall (RM) is 
shown in Figs. 5.71 to 5.73. It can be seen that the CFRP effectively holds the wall together 
as one unit. The stress in y-direction (S22) in the left side of the wall is high which means 
that the CFRP is acting to reduce the phenomenon of the bed rocking.  
 
 
Figure  5.71 Stress (S11) in the CFRP lamina. 
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Figure  5.72 Stress (S22) in the CFRP lamina. 
 
 
Figure  5.73 Stress (S12) in the CFRP lamina. 
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6 CHAPTER 6 
RESULTS AND DISCUSSIONS 
6.1 Introduction. 
As shown in the previous chapters, the masonry walls are one of the importation existing 
structures. These type of structures are needed to be maintained and persevered against 
any damage that can happen to them. In Saudi Arabia there exists a rich heritage 
construction that spared all over the contrary. 
A lot of researches have been conducted on wall subjected to combination of axial and 
lateral cyclic loading. Masonry reinforcement has also attracted attention by research 
community. 
6.2 Mechanical Properties of Material. 
From the experimental program presented in Chapter 4, it is clear that the sandstone 
materials exhibit quit good strength in compression. However the sandstone material is 
weak in tension which means that any masonry structure built from sandstone, are needed 
to be maintained against any loading that can cause high tensile stress on the material. 
On the other hand, the lime mortar shows a weak response to loading in both compression 
and tension. This means that the lime mortar is the weakest element in the masonry 
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construction. It was chosen to be weak in order to represent a form of heritage construction 
in Riyadh. 
The compensation of such different material adds many complications to the problem 
under investigation in which this difference in material properties makes masonry wall to 
be highly heterogeneous structures. This adds a real challenge when performing the 
numerical simulation. All type of mechanical tests have been done to extract the needed 
material properties needed in the finite element simulation. 
6.3 Prism Uniaxial Compression Test. 
In this study, a compression test to sandstone prism has been carried out. It can be seen 
that the prism compression strength is less than the compression strength of the sandstone 
material. In fact, two factors affect the uniaxial strength of the masonry prism in 
comparison to the uniaxial strength of the masonry unit. Those two factors are: 
1. Presence of weak material (Lime mortar) 
2. Effect of large scale of prism compare to sandstone cylinders 
It is clear that the presence of the weak material will reduce the capacity of the 
prism. The more the weak material in the prism, the more the reduction in the uniaxial 
strength of the prism. Regarding the effect of large scale, this phenomena has been 
observed by several researchers in which the increase in size of prism or wall leads to 
reduction of compression strength. 
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6.4 Unreinforced Sandstone Wall (Wall-1.7). 
When investigating the results found from excremental test, it can be seen that the wall 
response to lateral load is highly affected by the level of axial force on the wall. This 
reason of the wall can be attributed to two factors namely: material factor and geometry 
factor. When loading the wall axially and by assuming no damage will accrue to the wall 
materials, the lateral force need to displace the wall to certain lateral displacement will 
increase by increasing the axial force. This axial force will increase the wall rocking 
response as shown in Fig 6.1. 
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Figure  6.1 Simple Mechanistic model of wall behavior for undamaged wall. 
 
The second factor that is also help in increasing the lateral strength of the wall is that based 
on wall’s material strength. More confinement of the material lead to more resistance to 
internal stress and more resistance to internal damage. This means that the wall acts as a 
one unit. In particular, the resistance of the wall material will help increase the lateral 
resistance by enhancing the geometry factor that leads to increase the lateral strength of 
the wall. The geometry factor that lead to increase of lateral force as a result of increasing 
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axial force, this factor holds up to a certain limit. After that, the internal stress lead to 
cracks initiation of the wall material and then relaxation of the wall and redistribution of 
the support reactions area. In this case, the supports will be taken by larger area compare 
to the case of small supporting area (Fig 6.2.). 
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Figure  6.2 Simple Mechanistic model of wall behavior for damaged wall. 
 
It has also to be mentioned that when analyzing the imitation and propagation of the cracks 
within the wall, the first crack started at the lower left corner of the wall. In this area the 
longitudinal or vertical stress is high compared to other points in the wall and the shear 
stress is zero at the outer face. This makes the maximum principal stress approach the 
vertical direction. However, when looking at the wall body in places where the shear stress 
is high (toward the middle of the wall), when the axial stress start to increase, the principal 
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stress starts to approach 45 degree angle leading to diagonal cracks in the wall body. When 
the total external axial stress applied on the wall increases, the vertical stress in all points 
in the wall increases also in compressive , which lead to increase in the overall all lateral 
strength of the wall. 
Regarding the cyclic behavior of the wall, it can be seen from Fig 6.3 that the wall exhibit 
a linear response in the first few cycles. This trend changed as the lateral load increase. 
Nonlinear behavior of the wall was observed and permanent deformation was recorded as 
seen in Fig 6.3. It is also clear that the wall stiffness reduced in the later  cycles compare 
to the former one. This reduction can be attributed to the damage of the wall in both 
sandstone and lime mortar  material. 
 
Figure  6.3 Lateral Force-Displacement response of Wall-1.7. 
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6.5 Numerical Simulation of Wall-1.7. 
Two goals were tagged in this sturdy in terms of numerical simulation. The first one is 
related to simulating the response of the wall subjected to same load the have been exerted 
in the experimental work. The second goal is related to prediction of lateral response of 
the wall as a function of axial load exerted on the wall. In the first goal, several trails have 
been made for finding the best parameters so that perfect matching between excremental 
and numerical results is achieved. Several numerical simulations trails have been carried 
out to get those parameter. As shown in Chapter 4, the finite element simulation was quite 
difficulty due to the complexity of the problem under consideration. The results of 
numerical simulation have shown that a good match was achieved between excremental 
and numerical results as shown in Fig 6.4. 
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Figure  6.4 Lateral Force-Displacement response of Wall-1.7 from experimental 
and numerical results 
As shown in Fig 6.4 theirs is a good match between the experimental and numerical results. 
In the first few cycles, the FEM simulation predicted stronger response of the wall compare 
to excremental result. However, this difference between the two results started to vanish 
with more cycles applied on the wall. When more cyclic excreted on the wall, the 
numerical simulation predicted less strength of the wall in pushing compare to experiment 
and predicted matching result with experiment in pulling. 
The FEM numerical simulation predicted stiff response of the wall compare to the 
excremental results in almost all cycles. This can be attributed to the face that the bond 
between sandstone and lime mortar was assumed perfect bond. In reality, the de-bonding 
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process between the two materials happened due to the lower cohesion between lime 
mortar and sandstone. This de-bonding intern reduce the lateral stiffness of the wall. This 
de-bonding can be seen in Figs 6.5-6.9 
 
Figure  6.5 Debonding between sandstone and lime mortar. 
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Figure  6.6 Debonding between sandstone and lime mortar. 
 
309 
 
 
Figure  6.7 Debonding between sandstone and lime mortar. 
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Figure  6.8 Debonding between sandstone and lime mortar. 
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Figure  6.9 Debonding between sandstone and lime mortar. 
 
In this study, the effect of axial force level of lateral strength was examined  
As shown in the Figs 6.5-6.9, the de-bonding process between sandstone and lime mortar 
means that the surface interaction between the two material one of the weak points in the 
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wall. This de-bonding may be attributed to the weakness of the lime mortar. This de-
bonding process will reduce the lateral resistance of the wall and at the same time it will 
increase the lateral drift of the wall. This reduction in strength and increasing in drift means 
reduction in lateral stiffness of the wall. It has to be mentions in this regard that the de-
bonding may accrue due to poor work in which the lime mortar was not placed correctly 
and acutely at the time of wall construction. 
In the second goal, the lateral repose of the wall as a function of axial force exerted on the 
wall was studied extensively. Several numerical simulations have been carried out to fined 
such relationship. The whole range of axial force was applied on the wall and with each 
axial force maximum lateral strength was recorded. This analysis was done for walls tested 
in the study and on walls tested by other researcher. The reason for that is the ideas of 
getting a uniform relationship that relates lateral strength of the wall to the axial force 
exerted on the wall regardless of the material and dimensions of the wall. One constrain 
was placed in the analysis which is the aspect ratio of the wall was limited to be close to 
one. 
The resulted universal formula shows that the wall exhibit increasing trend in lateral 
strength of wall as the axial force exerted on the wall increases. This relationship reverse 
when the axial force exerted on the wall reached a certain value which is approximately 
40-60% of wall axial capacity. As mentioned earlier, this formula can be used as a 
guideline for engineers to predict the lateral strength of masonry wall subjected to axial 
and lateral forces. 
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This behavior of wall have been studied using the framework of mechanistic modeling by 
several researchers. The found results from this study have been matched with one of the 
mechanistic model proposed by Abrams (1992). A god matching between the data resulted 
from FEM approach and the results found using Abrams (1992) mechanistic approach. 
This matching strengthen the idea of universal behavior of walls when subjected to axial 
and lateral loading. This newfound property of the walls response to axial and lateral load 
can lead to design guidance foe engineers toward estimation of that capacity of the wall 
without testing them. 
 
6.5 Experimental Results of Wall-CFRP-1.7. 
As mentioned before, the CFRP was used in masonry walls for the purpose of strengthen 
and retrofitting damaged wall. In this study the CFRP was targeted to be used as a 
strengthen material in which the CFRP was add to the wall before any damage happen to 
the them. Two factors affecting the behavior of the CFRP when add to the structures. The 
first one is the CFRP strength and its stress-strain behaviors. In this factor, the CFRP is 
well known to be so stiff and has a high tensile capacity. This strength will go in action 
immediately after loading which will add a new strength to the wall. 
The second facto is the bond strength between the CFRP and the wall. This is the most 
critical point in the interaction process between CFRP and the lime mortar. In this 
experiment no Debonding was noted to happen between CFRP and the wall except at the 
end of CFRP. 
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When using the CFRP lamina to strengthen the wall, a strength enhancement was observed 
in walls strengthened with CFRP compare to wall without any reinforcement. Cyclic 
lateral response of both walls is shown in Fig 6.10. 
 
Figure  6.10 Lateral Force-Displacement response of Wall-1.7 and Wall-CFRP-
1.7. 
From Fig 6.10, it is clear that the wall gain an extra strength due to the presence of CFPR. 
The wall behaved in a stiff manner and moved as one unite. This behavior is clear in Fig 
6.10 above in which when loading level is low, the wall response in stiff manner.  
However, when load exceed certain threshold, the response started to be more ductile. This 
ductility in the case of CFRP is due to the rocking behavior of the wall in which smaller 
lateral force is needed to drift the wall laterally. 
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The lateral response of the wall were enhanced compare to wall without CFRP as shown 
in Fig 6.10. From Fig 6.10 it is clear that less area within hysteresis has been generated in 
case of wall reinforced with CFRP compare to wall without CFRP. This means that less 
energy was dissipated which is the case due to less damage initiation within the wall body 
in case of Wall-CFRP-1.7 compare to Wall-1.7 where a lot of damage happened within the 
wall body.  The stiffness of the wall is also enhanced as can be seen. Form all of that it can 
be seen that adding CFRP as a reinforcing material to the wall helps in increasing the 
lateral strength of the wall. 
In this test, the wall was noted to behavior as one unite without any damage within the 
wall body. Cracks were noted at the first lower course of the wall within the wall passing 
only though the uncoated sandstone bricks as shown in Figs 6.11 and 6.12. 
 
Figure  6.11 cracks at the lower cores of the wall. 
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Figure  6.12 cracks at the lower cores of the wall. 
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7 CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 
As seen in this study several experiments as well as several numerical simulations have 
been carried out. All of this work was aiming at better understanding the response of 
masonry wall to axial and lateral loading. Several studies are just completed and others are 
started and all of those studies are representing a great changes for adding a new things 
and new ideas to the world of masonry mechanics. 
7.1 Conclusions 
It can be concluded that sandstone material exhibits quite good strength in compression 
but weak strength in tension. This weakness can be compensated by using any type of 
reinforcement. Regarding lime mortar, this material is very weak in both tension and 
comparison when compared with sandstone. 
It can be also concluded that walls in general exhibit good strength in the lateral action 
compared to out of plane action. This in-plane strength increase in a direct proportion 
manner with increase of axial force on the wall. The proportionality between the axial and 
lateral force is then reversed after certain limit in which the increase in axial force is 
adversely affecting the lateral strength of the wall. 
 
This study also has demonstrated the simulation of unreinforced masonry heritage walls 
using an elasto-plastic damage developed by Lubliner (1989) and further extended by Lee, 
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and Fenves (1998) and made available in ABAQUS environment. The use of this model 
requires certain material parameters, including the stress-plastic strain data for hardening 
and softening in uniaxial compression and a corresponding one for uniaxial tension in 
addition to other parameters related to defining the yield surface and plastic potential 
function. Those parameters can be found using the appropriate testes including uniaxial 
and biaxial tension and compression tests.  
 
Two approaches were adopted in simulating the masonry wall. The first approach is that 
the wall has been treated as a strong/weak material combination, with blocks being 
represented as the strong material and the mortar as the weak material. The interaction 
between the two material was assumed to be perfect bond. 
 
The results for interaction of lateral strength of the wall to the axial pre-compression show 
that  masonry walls behave in  a systematic manner to in-plane loading, regardless of wall 
size, patterns, and wall materials. Based on output of FEM simulations, an interactive 
response equation has been proposed for use in masonry walls of aspect ratio close to 1.0.  
 
Generally, when axial stress exerted is low, the wall tends to fail in rigid type modes of 
sliding and rocking. However, when axial stress is a slightly higher, the wall tends to fail 
by head/bed joints opening and mortar cracking. This mode of failure is common  when 
dry contact system is adopted or when the mortar strength is weak. 
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For walls with moderate to high axial stress, cracks start to initiate within the bricks 
themselves due to diagonal tension in the bricks exceeding the tensile strength of the 
bricks. These cracks are also often complemented  by staggered step cracking in head and 
bed joints, especially with wet mortar construction.  
 
For cases where the axial load becomes excessive, the lateral strength of the walls is 
severely compromised.  In this case, the wall is pre-damaged due to presence of cracks 
within the wall as a consequence of high pre-compression, and failure on lateral loading 
of the wall is primarily due to extension of existing cracks in shear-compression. 
 
It can be also concluded that, Concrete Damage mechanics approach implemented in 
ABAQUS can be used efficiently to model masonry wall structures. The continuum-based 
technique adopted for both sandstone and lime mortar results in good agreement between 
experimental and numerical load-deflection response of the wall, although fine mesh is 
required so that the aspect ratio of the elements are within the acceptable range. The mode 
of failure and development of cracks in the wall were also captured with significant 
accuracy using the plastic-damage model.  
 
The second approach used in simulating the behavior of the masonry wall inclusion of 
interface elements between masonry blocks. The used of interface element for numerical 
simulation is also one of the possible approach that can be used to tackle the problem. The 
parameters needed for modeling using interface elements are found based on the 
mechanical properties of the lime mortar. The lime mortar is geometrically not included in 
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the model, which does not allow seeing the damage within the mortar layers. This approach 
however, reduces the fineness of the finite element mesh and a significant reduction in 
simulation time without affecting the response of the wall under applies loads. The 
interface model in ABAQUS requires data including the fracture energy in normal and 
tangential directions, traction-separation curves in normal and tangential directions, and 
coefficient of friction. These parameters can be found using the appropriate tests including 
tensile and direct shear test. 
 
It is found that the interface approach is very efficient when the cohesive strength of layers 
that connects the components of the structure is high. This means that the fracture energy 
needed to create the crack is high. This interface element would be very efficient in case 
of simulation for CFRP attached to the wall. Using interface elements, it is observed that 
the bed joints is clearly acting under the friction force whereas the head joints act under 
peeling action. This hybrid action of bed and head joints gives better results in terms of 
cracks and failure patterns. The relation between lateral strength and lateral displacement 
was also observed to be better. 
 
Using CFRP is one of the major methods of strengthening and retrofitting the masonry 
wall. The only thing that has to be taking into account is the bonding strength between 
CFRP and masonry wall. The use of CFRP enhanced the lateral strength of the wall and 
also the lateral stiffness of  the wall. CFRP helps to eliminate premature rocking failure of 
the wall, and allows for the mobilization of the entire wall continuum in participation of 
resistance to the applied forces.  
321 
 
 
From the FEM simulation, it can be concluded that the CFRP sheets have a pronounced 
effect in enhancing the strength and integrity of the wall. The lateral strength capacity is 
increased and also the failure mode changes. Adoption of suitable configuration of the 
CFRP has been shown to reduce premature failure driven by rocking and separation at 
lower base course levels, and allows for greater mobilization and participation of the entire 
wall in resisting the applied lateral load.  The numerical model for the CFRP reinforced 
heritage wall shows that with proper configuration of the CFRP the failure mode of the 
unreinforced wall can be modified so as to enhance the strength and integrity of the wall. 
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7.2 Engineering Guidelines for Assessment of Heritage Structures 
For typical heritage stone masonry building requiring strengthening or retrofitting, 
the following approach can be adopted. 
 Identification of material properties 
 Evaluation axial load on the walls of the existing structure. 
 Development of finite element model of the wall and its simulation using 
plastic damage model the existing level of applied load and the 
experimentally determined material properties. 
 Based on the mode of failure and cracking patterns observed in the finite 
element simulation, a strategy for strengthening or retrofitting the walls can 
be developed using CFRP or any other strengthening technique 
 Finite element simulation of strengthened walls using plastic damage model 
to ascertain the enhancement in the load capacity of the masonry walls. 
 The procedure for strengthening the wall be determined numerically and 
implemented at job site.  
7.3 Recommendations for Future Work. 
It can be seen that, there are several things that have to be investigated as future work. 
Some of these topics can be summarized as follows: 
 Uniaxial compression tests have also to be conducted on larger sizes of wall prism 
to find out the exact effect of size on the uniaxial strength of the prisms. This will 
help predicting axial capacity of large wall sizes. 
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 Monotonic loading experimental study has to be conducted on walls using the full 
range of axial force staring with zero axial force up to the full axial capacity of the 
wall. In each axial force, the lateral strength has to be found so that the interaction 
between axial force and lateral strength can be extracted experimentally. 
 
 Regarding the strengthen techniques; investigation has to be done on different 
pattern of CFRP laminate sheets. Another possible sturdy is using other type of 
material for strengthen purposes. 
 Numerical investigation can has to be conducted one walls strengthen with CFRP 
and also on walls retrofitted with CFRP. In fact, numerical simulation of damaged 
wall retrofitted with CFRP is quit challenging as the wall experiences previous 
damage prior to placemen of CFRP. 
 Experimental characterization of the out-of-plane behavior of sandstone masonry 
walls. 
 Investigating different bricks pattern and different brick sizes is also one of the 
possible future work. 
 When looking at the plastic damage model developed by Lubliner (1989) and further 
extended by Lee, and Fenves (1998), the two damage parameters (compression 
damage and tension damage) are assumed to be a scalar quantities in which they are 
similar at any direction. In reality, the compression damage can be accurately 
assumed as a scalar quantity because the partial crush in the microstructure of 
concrete due to loading in one direction is defiantly 100% affecting the compression 
capacity in the other directions. Based on that, the assumption of compression 
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damage parameter to be scalar is valid however, the tension damage cannot be 
accurately assumed to be a scalar quantity in which that when loading in one 
direction, the damage evolved in the loading direction is not really affecting the other 
directions. Based on that, the damage quantity in tension has to be assumed as a 
vector in which each one of the three principle directions has to have its own tension 
damage parameters. 
 Investigating the interaction relation between lateral and axial force of walls with 
aspect ratio greater and less than 1.0. 
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A. APPENDIX 
A.1 Stain Gauges Details 
 
Figure  A.1 Details of PLC-60-11 cross type strain gauges 
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A.2 Stress Contour in The Cyclic Loading of Wll-1.7. 
 
Figure  A.2 Max principle Stress distribution at 0.5 time of lateral displacement (Push, 
first cycle) 
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Figure  A.3 Max principle Stress distribution at 1.0 time of lateral displacement (Pull, first 
cycle) 
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Figure  A.4 Max principle Stress distribution at 1.5 time of lateral displacement (Push, 
second cycle) 
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Figure  A.5 Max principle Stress distribution at 2.0 time of lateral displacement (Pull, 
second cycle) 
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Figure  A.6 Max principle Stress distribution at 2.5 time of lateral displacement (Push, 
Third cycle) 
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Figure  A.7 Max principle Stress distribution at 3.0 time of lateral displacement (Pull, 
Third cycle) 
 
332 
 
 
Figure  A.8 Max principle Stress distribution at 3.5 time of lateral displacement (Push, 
fourth cycle) 
 
333 
 
 
Figure  A.9 Max principle Stress distribution at 4.0 time of lateral displacement (Pull, 
fourth cycle) 
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Figure  A.10 Max principle Stress distribution at 4.5 time of lateral displacement (Push, 
fifth cycle) 
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Figure  A.11 Max principle Stress distribution at 5.0 time of lateral displacement (Pull, 
fifth cycle) 
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A.3 Stress Contour of Sandstone Wall With Different Axial Stress. 
 
Figure  A.12 Stress contours (0 Mpa Axial Stress) sandstone wall. 
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Figure  A.13 Stress contours (2.0 MPa Axial Stress) sandstone wall 
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Figure  A.14 Stress contours (4.0 MPa Axial Stress) sandstone wall 
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Figure  A.15 Stress contours (15.0 MPa Axial Stress) sandstone wall 
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A.4 Stress Contour of Walls Tested by Demir (2012). 
 
Figure  A.16 Stress contours (0 MPa Axial Stress) Demier’s wall. 
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Figure  A.17 Stress contours (1.0 MPa Axial Stress) Demier’s wall. 
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Figure  A.18 Stress contours (2.0 MPa Axial Stress) Demier’s wall. 
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Figure  A.19 Stress contours (4.0 MPa Axial Stress) Demier’s wall. 
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A.5 Stress Contour of Wall Tested by Li (2005). 
 
Figure  A.20 Stress contours (0 MPa Axial Stress) Lee’s wall. 
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Figure  A.21 Stress contours (2 MPa Axial Stress) Lee’s wall. 
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Figure  A.22 Stress contours (4 MPa Axial Stress) Lee’s wall. 
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Figure  A.23 Stress contours (6 MPa Axial Stress) Lee’s wall 
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A.6 Stress Contour of Wall Tested by Vasconcelos (2005). 
 
 
Figure  A.24 Stress contours (0 MPa Axial Stress) Vasconselos wall. 
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Figure  A.25 Stress contours (2 MPa Axial Stress) Vasconselos wall. 
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Figure  A.26 Stress contours (6 MPa Axial Stress) Vasconselos wall. 
 
351 
 
 
Figure  A.27 Stress contours (16 MPa Axial Stress) Vasconselos wall. 
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